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ABSTRACT 
Phosphorus is a vital nutrient for biological wastewater treatment plants, but it is also a regulated 
pollutant. The Lou Romano Water Reclamation Plant (LRWRP), located in Windsor, Ontario,  
uses chemically enhanced primary treatment (CEPT) with alum and anionic polymer to remove 
phosphorus and suspended solids (SS).  The plant was upgraded in 2007 to include biological 
aerated filter (BAF) as secondary treatment, and is currently adding phosphorus (~0.2 - 1 mg/L) 
following CEPT for the proper functioning of the BAF.   Jar tests experiments revealed that 
alternate combinations of the currently used alum and anionic polymer were not able to reduce 
the amount of bioavailable phosphorus removed during CEPT while maintaining SS 
concentration in the primary effluent at levels suitable for the BAF.  This objective was achieved 
using other chemical (cationic polymer) combinations.  However this option is not economically 
viable at the current costs of various chemicals and phosphorus supplement being used. 
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CHAPTER ONE 
INTRODUCTION 
1.1 General 
Phosphorus is a pollutant of great concern in the wastewater treatment process due to its 
involvement in eutrophication, which is the over-enrichment of lakes and rivers by nutrients 
resulting in oxygen depletion. In the 1950’s phosphorus input into rivers increased due to 
phosphate fertilizer, manure and laundry detergents. Towards the end of the 1960’s Lake Erie 
was characterized as being a “dead lake” and it was believed that thousands of other lakes were 
also affected by eutrophication. At this point eutrophication was recognized as a primary water-
quality concern and shortly after (early 1970’s) it was generally accepted that phosphorus was 
the limiting nutrient responsible (Litke, 1999). A water body can be classified by its trophic state 
(degree of eutrophication) into three categories: oligotrophic (<10 µg/L TP), mesotrophic (10-20 
µg/L TP) and eutrophic (>20 µg/L TP) (USEPA, 1974). Currently oligotrophic conditions are 
present in Lakes Superior, Michigan, Huron, Ontario and in the eastern basin of Lake Erie. 
Mesotrophic conditions are found in the western and central basins of Lake Erie (GLWQA, 
2012).  
The Great Lakes Water Quality Agreement of 1978, which was revised in 1983, 1987 and 2012, 
specifies that all sewage treatment plants discharging more than one million gallons per day into 
the basins of Lakes Ontario and Erie required total phosphorus (TP) levels below 0.5 mg/L in the 
plant effluent (the discharge limit is much higher than levels of phosphorus resulting in 
eutrophication due to dilution of the plant effluent in lakes and rivers). The objective for TP 
concentration in Lake Ontario and Lake Erie are 10 and 10-15 µg/L, respectively. The 
phosphorus load targets for these lakes are 7000 and 11000 metric tonnes TP/year, respectively. 
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These regulations were implemented in order to decrease the amount of algal biomass in Lakes 
Erie and Ontario to below nuisance levels (especially in Lake Erie) (GLWQA, 2012).  
Although phosphorus discharge levels have been decreased, phosphorus continues to cause 
problems in the great lakes (eutrophication).  The re-emergence of algal blooms in recent years  
is most likely due to factors such as inadequate treatment of wastewater, runoff from agricultural 
land, industrial livestock operations, changes in the ecosystem due to invasive species and 
climate change (higher temperature and more frequent/intense precipitation) (Pollack et al., 
2011). Strict regulations are therefore required for all phosphorus sources, including discharge 
levels from wastewater treatment plants.  
The wastewater treatment process is designed to remove various contaminants from sewage, 
such as suspended solids (SS), biological oxygen demand (BOD), and phosphorus. Historically, 
wastewater treatment has only included preliminary screening, followed by primary treatment, in 
which solid particles are removed by settling. As regulations became stricter, wastewater 
treatment plants have been upgraded to include biological treatment (to remove BOD) as well as 
disinfection. Chemically enhanced primary treatment (CEPT) is also commonly used to increase 
the removal of SS and phosphorus in primary treatment.  
1.2 Lou Romano Water Reclamation Plant (LRWRP)  
The Lou Romano Water Reclamation Plant (LRWRP), located in Windsor, Ontario, was built in 
1969. Prior to the upgrade in 2007 it was using only CEPT followed by disinfection using 
chlorine. Alum and polymer were added to the primary influent resulting in high removal of 
phosphorus and suspended solids. Phosphorus is regulated to be below 0.5 mg/L in the plant 
effluent. In 2007 biological treatment was added. The process currently consists of initial 
screening, grit removal, primary treatment, biological treatment (a biological aerated filter, 
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BAF), and UV disinfection, as shown in Figure 1.1. The primary clarifiers continue to be 
operated as CEPT, so phosphorus is removed. 
 
  
Figure 1.1: Wastewater Treatment Flow at the LRWRP 
 
However, phosphorus is also a critical component in the biological treatment as it is a required 
macro-nutrient for the microorganisms in the system. Phosphorus removal in CEPT at the 
LRWRP is currently too high, and therefore, additional phosphorus (~0.2-1 mg/L) is being added 
prior to biological treatment. However, the SS in the primary effluent is already occasionally 
surpassing the maximum recommended solids loading rate for the BAF, and therefore, a way to 
allow phosphorus to pass through to the primary effluent while keeping the SS in the primary 
effluent as low as possible needs to be found. Phosphorus and solids management in primary 
treatment at the LRWRP is depicted in Figure 1.2. Adding chemicals to remove phosphorus (in 
the primary clarifiers) and adding phosphoric acid to restore phosphorus seems inefficient. 
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Figure 1.2: Phosphorus and Solids Management at the LRWRP 
1.3 Objective 
The primary objective of this research was to increase the amount of bioavailable phosphorus 
passing through primary sedimentation at the LRWRP in order to supply sufficient nutrients to 
the BAF process. This needs to be achieved while maintaining a concentration of suspended 
solids leaving primary sedimentation that will not overload the BAF process. This research 
examined achieving this objective by either decreasing the alum and polymer dosages or by 
replacing alum and polymer with other coagulants and flocculants. 
1.4 Scope 
A speciation of phosphorus in the primary influent and effluent was performed to quantify the 
forms of phosphorus coming into the plant as well to see which forms are being removed in 
primary treatment. Jar tests were then used to simulate CEPT in order to determine the effects of 
different variables on the concentration of suspended solids and phosphorus in the primary 
effluent. The variables considered, included alum and anionic polymer dosages, as well as 
various dosages and combinations of cationic polymers. An economic study was carried out for 
those coagulants which removed SS to the same extent as current alum and polymer dosages. 
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CHAPTER 2  
REVIEW OF LITERATURE 
2.1 Phosphorus in Wastewater 
Phosphorus plays an important and irreplaceable role in the production of food, as it is an 
essential plant nutrient which is present in fertilizers that are applied to agricultural soils. It is 
therefore essential to secure long term accessibility to phosphorus; however, this may be difficult 
as phosphorus rock (the main source of phosphate) is a non-renewable resource that is quickly 
being depleted. It is believed that ‘peak phosphorus’, a time in which global phosphorus 
production will be at a maximum, may be reached by 2030 (Cordell, Drangert & White, 2009). 
Phosphorus is also an important as well as regulated pollutant and high discharge levels can lead 
to eutrophication in lakes and rivers causing problems such as death of fish and taste and odour 
issues in drinking water. Due to these unique considerations, phosphorus management during 
wastewater treatment is challenging as it is required in the biological treatment in order to keep 
the microorganisms in the system alive, but must be reduced to levels low enough to meet 
regulations.  
2.1.1 Forms of Phosphorus: 
Phosphorus can be classified into two main forms: reactive and unreactive phosphorus. Reactive 
phosphorus, also known as orthophosphates, includes those that can be measured using 
colorimetric methods without the need of preliminary hydrolysis or oxidative digestion. 
Orthophosphates include H3PO4, H2PO4
-
, HPO4
2-
, and PO4
3-
, depending on the pH, and can be 
measured by any of three colorimetric methods (which differ based on the type of agent used for 
final color development) (Sawyer, McCarty & Parkin, 1994).  
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Unreactive phosphorus does require some preliminary digestion steps for analysis and includes 
both organically bound phosphates and condensed phosphates (acid-hydrolyzable). The latter 
consists of pyro-, meta, and other polyphosphates. Common polyphosphates include sodium 
hexametaphosphate (Na3(PO3)6), sodium tripolyphosphate (Na5P3O10) and tetrasodium 
pyrophosphate (Na4P2O7). These types of phosphates are measured by first converting them into 
orthophosphates using a preliminary hydrolysis or oxidative digestion (Sawyer, McCarty & 
Parkin, 1994). 
All forms of phosphorus can be found in both soluble and suspended fractions. Figure 2.1 shows 
the different forms of phosphorus and the analysis required in order to determine their 
concentration.  
 
 
 
 
 
 
 
Figure 2.1: Forms of Phosphorus 
Typical reactions between the different forms of phosphorus include (Viessman & Hammer, 
1993): 
PO4
3-
 + NH3 + CO2 
        
→      green plants (organic P)     [Eqn. 2.1] 
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Organic P 
                       
→                   PO4
3-
      [Eqn. 2.2] 
Polyphosphates 
                  
→               PO4
3-
       [Eqn. 2.3] 
PO4
3-
 + multivalent metal ions 
                
→             insoluble precipitates  [Eqn. 2.4] 
The majority of phosphorus from human waste is made up of orthophosphates as well as some 
organic phosphates. The phosphorus in washing detergents has been found to be composed of 
approximately 99% condensed phosphates (Yeoman et al., 1988). Domestic wastewater typically 
contains approximately 10 mg/L of total phosphorus which is made up of ~70% soluble 
phosphorus (Viessman & Hammer, 1993). 
2.1.2 Bioavailability of Phosphorus: 
The different forms of phosphorus vary quite substantially in terms of their bioavailability. In a 
study by Ekholm and Krogerus (1996) it was found that in wastewater, suspended phosphorus 
was on average 25% bioavailable (ranging from 0 to 54%) and dissolved unreactive phosphorus 
(dissolved acid-hydrolyzable and organic phosphorus) (DUP) was on average 22% bioavailable 
(ranging from 0 to 74%). Dissolved reactive phosphorus (DRP) was found to be the most 
bioavailable form, approximately 100% bioavailable. It is generally agreed that particulate 
phosphorus is the least bioavailable form of phosphorus and DRP is the most bioavailable 
(Millier & Hooda, 2011). This is an important factor for this research since the phosphorus 
leaving in the primary effluent needs to be bioavailable in order to be beneficial to the biological 
system. 
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2.1.3 Phosphorus Removal: 
Phosphorus can be removed from wastewater by physical, chemical or biological methods. 
Different forms of phosphorus are removed more efficiently by using different types of 
treatment, which was explored in a recent study (Gu, Liu, Neething, Stensel & Murthy, 2011). It 
was determined that biological nutrient removal (BNR) is effective at removing most forms of 
phosphorus, in particular reactive phosphorus (dissolved and suspended) and suspended acid 
hydrolysable phosphate (SAHP). Removal of organic phosphates (dissolved and suspended) was 
also fairly high, however, removal of dissolved acid hydrolysable phosphates (DAHP) was much 
lower. The use of chemical methods (using ferric chloride) was also explored in this study. It was 
found that chemical treatment was most effective at removing DRP, DAHP and suspended 
organic phosphate (SOP). There was much lower removal of SAHP and nearly no removal of 
dissolved organic phosphates (DOP). An increase in suspended reactive phosphorus (SRP) was 
also discovered.  
In this report, chemical removal in primary treatment will be the main focus. Phosphorus can be 
removed from wastewater by integrating the phosphorus into the suspended solids, followed by 
their removal. Chemical precipitates are formed by the addition of salts of multivalent metal 
ions, mostly commonly being calcium (Ca(II)), aluminum (Al(III)), and iron (Fe(III)). These 
chemicals can be added at different locations including in the raw wastewater (pre-precipitation), 
in the biological treatment (coprecipitation) or in the effluent from the secondary clarifiers 
(postprecipitation) (Metcalf & Eddy, 2004).  
The type of chemical selected for a certain wastewater treatment plant depends on the 
phosphorus and suspended solids levels entering the plant, alkalinity, and the cost of the 
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chemical. Additional factors include the type of sludge handling facility, the ultimate disposal 
method and the compatibility with the rest of the treatment (Metcalf & Eddy, 2004). 
When calcium is used it is added in the form of lime Ca(OH)2. Initially the lime reacts with the 
natural bicarbonate alkalinity to form a precipitate, CaCO3, shown in Equation 2.5.  
Ca(OH)2 + HCO3 ↔ CaCO3 + H2O       [Eqn. 2.5] 
When the pH increases over 10 the excess calcium will then react with the phosphorus to form a 
precipitate in the following reaction. 
10Ca
2+
 + 6PO4
3-
 + 2OH
-
 ↔ Ca10(PO4)6(OH)2      [Eqn. 2.6] 
Calcium is not a viable option in many cases as there is much larger sludge production and there 
are many operational problems associated with the handling, storage and feed of lime.  
Aluminum is widely available in five forms including aluminum sulfate (alum) (Al2(SO4)3), 
poly-aluminum chloride (PAC), aluminum chloride (AlCl3), aluminum chlorohydrate, and 
sodium aluminate (Na2Al2O4). When aluminum salts are used, the general reaction that occurs is: 
Al
3+
 + HnPO4
3-n
 ↔ AlPO4 + nH
+   
    [Eqn. 2.7] 
Iron is widely available in three different forms including ferric chloride (FeCl3), ferrous chloride 
(FeCl2), and ferrous sulfate (FeSO4). When iron salts are used, the general reaction that occurs is: 
Fe
3+
 + HnPO4
3-n
 ↔ FePO4 + nH
+
       [Eqn. 2.8] 
When aluminum and iron salts are used they react with soluble orthophosphates, while 
polyphosphates and organic phosphorus undergo more complex reactions and are also removed 
by adsorption onto flocs (Metcalf & Eddy, 2004). In one study it was found that plants using 
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chemically enhanced primary treatment (CEPT) with alum had effluents with lower bioavailable 
phosphorus (BAP) than plants using ferric chloride (Shannon & Hall, 1985).  
Theoretically 1 mole of aluminum or iron should remove 1 mole of phosphorus (0.87 kg 
aluminum or 1.8 kg iron should remove 1 kg of phosphorus). However, since there are many 
other competing reactions present, which are also affected by alkalinity, pH and trace elements, 
the above equations/ratios cannot be used alone to determine required dosages and testing is 
required. For example, another reaction that occurs when aluminium sulphate is added to 
wastewater is a multistep chemical reaction in which the aluminum reacts to form an aluminum 
hydroxide floc (hydrolysis reaction) (General Chemical). 
2.2 Colloidal Chemistry: 
Colloidal dispersions consist of discrete particles that are suspended and separated by a 
dispersion medium. A colloidal dispersion of solids in a liquid medium is also referred to as a 
sol.  These particles include aggregates of atoms, molecules and mixed materials and usually 
range in size from about 1 to 1000 nm (Sawyer, McCarty & Parkin, 1994).  
2.2.1 Stability of a Colloidal Dispersion 
The term stability is often used when describing colloidal dispersions, which refers to the 
resistance of the colloid to be removed by settling or filtration. The stability of a sol depends 
mainly on three factors including (1) size of particles, (2) state of hydration, and (3) surface 
electric charge. Larger particles have a low surface area to mass ratio and, therefore, tend to be 
more influenced by mass effects, such as sedimentation by gravity. Smaller particles have a 
higher surface area to mass ratio and are, therefore, more affected by surface phenomena, such as 
 11 
 
electrostatic repulsion and hydration. The chemistry of the medium, including ionic strength, pH 
and organic content, also affects the stability of the sol (Sawyer, McCarty & Parkin, 1994). 
All colloidal particles carry an electric charge, which can vary greatly in magnitude. Sols are 
dependent on these charges since like charges repel preventing particles to move close enough to 
agglomerate, thereby, increasing the stability of the colloidal dispersion.  
2.2.2 Types of Colloids 
There are two types of colloids found in a liquid medium: hydrophilic and hydrophobic colloids.  
Hydrophilic colloids bind strongly with water and are, therefore, more stable than hydrophobic 
colloids, which do not. Hydrophobic colloids have no affinity for water and depend on their 
electric charge for stability. Wastewater is generally considered a quasi hydrophobic-hydrophilic 
sol with negatively charged colloids; however, there is generally high removal of solids when 
treatment used specifically for hydrophobic sols is used (Viessman & Hammer, 1993).  
2.2.3 The Double layer: 
The primary charge of the negative colloid attracts positive ions, also called counter-ions, which 
form a stationary layer surrounding the colloid called the Stern layer. Additional positive ions are 
still attracted by the central negative charge but are now also repelled by the positive Stern layer 
as well as by other positive ions attempting to approach the negative colloid. This results in a 
diffuse positive ion layer which consists of a high density of positive ions near the colloid that 
gradually decreases until the concentration equals that of the solution.  
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 Figure 2.2: The Double Layer (adopted from Sawyer et al., 1994)) 
 
Meanwhile, negative ions, also known as co-ions, are repelled by the negative colloid. However, 
they are attracted to the surrounding positive ions. Their concentration gradually increases as the 
distance from the negative colloid increases until the concentration equals that of the surrounding 
solution. Together the Stern layer and diffuse layer are referred to as the double layer, which is 
shown in Figure 2.2. The thickness of this layer depends on the concentration of ions in solution 
(as the concentration of ions increases, the thickness of the layer decreases) as well as the type of 
counter-ion (valence of the counter-ion).  
2.2.4 Zeta Potential 
An electric potential is produced across the diffuse layer by the negative colloid and the 
surrounding positive surroundings. This potential is highest at the surface and decreases quickly 
with distance, and approaching zero at the outside of the Stern layer.  
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2.2.5 DLVO Theory 
The DLVO Theory is commonly used to describe how colloids interact with each other. The two 
main forces acting on the particles are the attractive Van der Waal forces and the electrostatic 
repulsion between the primary charges of the colloids. Van der Waal forces between colloids 
result from the attraction between individual molecules in each colloid. Each molecule in the 
first colloid has a Van der Waal attraction to each molecule in the second and the sum of these 
forces is the total attractive force between the colloids. This force increases rapidly with a 
decrease in distance between molecules. However, as colloids approach each other the repulsive 
electrostatic forces increase to keep them apart. This net force dictates whether or not the 
colloids will agglomerate or not (Reynolds & Richards, 1996).  
In order for two particles to agglomerate they must have enough kinetic energy in order to be 
able to clear the energy barrier. Once the energy barrier is overcome (the particles are close) the 
net interaction energy is attractive and, therefore, the particles agglomerate. The colloids are now 
trapped together by Van der Waal forces and this is referred to as an energy trap.  
For coagulation to be rapid and long-lasting, this energy barrier must be reduced or removed in 
order for particles to more easily agglomerate. This can be done by either compressing the 
double layer or by reducing the surface charge.   
2.2.6 Methods of Colloid Removal 
Colloids are too small to be removed by settling, however, they can be removed by coagulating 
into larger particles by various mechanisms. This includes boiling, freezing, addition of 
electrolytes and mutual precipitation (Sawyer et al., 1994)). 
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2.3 Coagulation and Flocculation 
Coagulation is the process in which a sol is destabilized by coagulants which reduce, neutralize 
or invert electrical repulsion between particles. The flocculation process then bridges together 
individual particles using polymeric materials. This process occurs since flocculants carry active 
groups that have a charge opposite to that of the charged particles. Chemically enhanced primary 
treatment (CEPT) and chemically assisted primary sedimentation (CAPS) are processes in which 
coagulants are added for enhanced removal of various pollutants such as phosphorus and 
suspended solids.  
The coagulation-flocculation process generally consists of three steps including (Metcalf & 
Eddy, 1991): 
1. Rapid or flash mixing: chemicals are added to the water which is then mixed at high speeds 
2. Slow mixing: water is mixed at low speeds in order to allow the formation of large flocs 
3. Sedimentation: the flocs formed in the first two steps settle out by gravity 
Factors that affect the efficiency of the treatment include the type and dosage of the coagulants 
and flocculants, pH, mixing speed, time and temperature.  
2.3.1 Jar Testing 
Jar tests are commonly used to mimic the coagulation-flocculation process at a treatment plant, 
however, since jar tests are run under ideal conditions, the results cannot be directly applied to 
the plant. In one study (Rishel & Ebeling, 2006) it was observed that settling alone removed 82-
91.5% of SS and 76-86% of reactive phosphorus (RP) under jar test conditions. 
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2.3.2 Coagulants/Coagulant Aids:  
Coagulants used in wastewater treatment include metal salts as well as cationic polymers. 
Coagulant aids (flocculants) are chemicals that are used along with coagulants in order to 
improve coagulation, build more durable and settleable floc, help with floc formation in colder 
climates, reduce the amount of coagulant required as well as to reduce the amount of sludge 
produced. The effectiveness of coagulant aids depends on mixing conditions, pH, alkalinity, and 
temperature. Types of coagulant aids include polyelectrolytes, activated silica, weighting agents 
(clay) and acid and alkalies. 
2.3.2 Metal Salts 
Aluminum and ferric compounds are the most common coagulants used in wastewater treatment. 
The major advantage of these metal coagulants is the low cost per pound, however, a major 
disadvantage is the large amount of sludge produced since sludge disposal can be expensive. 
Another disadvantage of these salts is that close attention must be paid to the pH and alkalinity 
of the water and in some circumstances chemicals such as lime, soda ash or sodium bicarbonate 
must be added.  
Aluminium compounds include aluminum sulfate, aluminum chloride, sodium aluminate and 
polyaluminum chloride (PAC). The most common of these is aluminum sulphate (alum) 
(Al2(SO4)3), due to its low cost, proven effectiveness at removing SS and its ability to remove 
phosphorus.  
PAC is a group of very effective coagulants that is now replacing other aluminum based 
coagulants due to its low dosage requirements, high efficiency and low cost. Research involving 
the analysis of the coagulation-flocculation process using different coagulants for treating 
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printing ink wastewater (Nandy, Shastry, Pathe & Kaul, 2003) found that PAC is the most 
efficient coagulant in terms of colour, biochemical oxygen demand (BOD), and chemical oxygen 
demand (COD). Although other coagulants, including ferrous sulphate and aluminum sulphate, 
did achieve comparable results for suspended solids (SS), they did not show any substantial 
removal of colour, BOD and COD. 
Iron compounds include ferrous sulfate and ferric chloride. A study comparing ferric chloride 
and aluminum sulphate (Amokrane, Comel & Veron, 1997) found that when equal dosages of 
the two coagulants were given ferric chloride removed higher levels of organic compounds (55% 
removal when ferric chloride was used vs. 42% removal with aluminum sulphate). However, a 
study evaluating the treatability of tannery wastewater using CEPT (Haydar & Aziz, 2008) found 
that alum would be the more suitable coagulant (opposed to ferric chloride and ferric sulphate) 
due to a dark black colour that was produced using ferric salts. Therefore, the best treatment 
option depends on the composition of wastewater being treated. 
2.3.3 Polymers 
Polymers, also known as polyelectrolytes, are made up of simple monomers that are polymerized 
into high-molecular weight compounds. They can be classified based on molecular weight 
(ranging from 10
4
 to 10
6
 Da), structure, amount of charge, composition and charge type. They 
can be positively charged (cationic), negatively charged (anionic) or have no charge (non-ionic). 
Polymers can help remove suspended solids in wastewater in two ways. They can help with 
charge neutralization in a similar way to alum and ferric chloride or they can promote bridging 
between colloids (Metcalf and Eddy, 1991). 
Cationic polymers have been found to be very effective in the removal of SS and turbidity. 
Haydar & Aziz (2009) achieved removal of 91-95% of turbidity and 69-83% of SS when 
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evaluating the feasibility of replacing metal salts with cationic polymers for tannery wastewater. 
The cost of treatment was found to be $0.09/m
3
, a 50% reduction in cost from using metal salts.  
Similar results were found for the treatment of pulp and paper mill wastewater (Wong, Teng, 
Ahmad, Zuhairi & Najafpour, 2006). Turbidity removal of 95% and SS removal of 98% were 
achieved using cationic polymers, which were found to be an economically feasible option. 
Since wastewater SS are negatively charged, a cationic (positively charged) polymer can help 
neutralize the charge which helps reduce the repulsion charge between colloids and promotes the 
production of microfloc. However, too much polymer may result in charge reversal and the 
colloids in the solution will be once again become dispersed, this time with a positive charge. 
The most effective type of polymer for this situation would be a low molecular weight cationic 
polymer (Ebeling, Rishel & Sibrell, 2005).  
The use of high molecular weight polymers can then be used to form bridges between the floc. 
High molecular weight polymers are generally more effective since a higher molecular weight 
indicates a longer chain length and, therefore, an increased tendency of bridge formation. In this 
case too much polymer also results in negative effects. When too much is added the entire 
surface of a particle may become covered with polymer which prevents the particles from 
bridging with other particles. This is known as the ‘hair-ball effect’. Polymers with higher 
molecular weights typically produce larger floc that are loosely packed together and fragile 
(Wakeman and Tarleton, 1999). 
Cationic polymers have many benefits over conventional CEPT using alum and ferric chloride 
the most important being the reduction in sludge production and ease of dewatering. In one study 
(Haydar & Aziz, 2009) it was found that the use of cationic polymers resulted in a sludge 
reduction of 65% as compared to alum being used as the sole coagulant. Other benefits include 
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easier storage and mixing, no pH adjustment required (required with alum as it is highly acidic) 
and ability to bridge many smaller particles.  
Extensive jar testing is required when trying to select the best polymer for a particular 
application due to the high variability of wastewater and the hundreds of polymers that are 
available from different manufacturers. Based on previous studies it has been found that there is 
no significant relationship between different families of polymers (Ebeling, Rishel & Sibrell, 
2005). Therefore, selection of polymers should not be solely based on molecular weight, degree 
of anionic charge or type of charge.  During jar testing optimal dosage, duration and intensity of 
mixing must also be determined.  
One fairly significant difference between metal salt coagulants and polymers is how they react 
with phosphorus. Metal salts directly remove phosphorus through chemical reactions (described 
in Section 2.1.3), specifically dissolved reactive phosphorus, however, polymers only indirectly 
remove phosphorus by their removal along with suspended solids. Ebeling, Rishel & Sibrell 
(2005) found a significant reduction in reactive phosphorus in aquaculture system effluents when 
using cationic polymers, indicating that, although the polymers do not directly react with the 
phosphorus, an increase in SS removal will also result in an increase in phosphorus removal. 
This majority of the phosphorus in the effluent was in the form of suspended phosphorus (50-
85%).  
Polymers can also be used in combination with metal salts. In one study examining the 
effectiveness of combining alum with cationic and anionic polymers (Haydar & Aziz, 2009) it 
was determined that using a combination reduced the sludge production 60-70% and reduced the 
chemical cost per unit volume of wastewater by 50% (when using either an anionic or cationic 
polymer with alum). 
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CHAPTER 3 
 EXPERIMENTAL DESIGN AND METHODOLOGY 
This section describes the design of experiments as well as the methodology used for this 
research. First, a speciation of phosphorus in the plant influent and primary effluent at the 
LRWRP was completed. This was followed by jar tests completed in four sections: preliminary 
tests with alum and polymer, varying alum dosage, varying polymer dosages and cationic 
polymers. 
3.1 Methods of Analysis 
Throughout this research various parameters were measured including pH, turbidity, suspended 
solids and various forms of phosphorus. All analyses were conducted as per Standard Methods 
with method numbers as listed in Table 3.1.  
For orthophosphate analysis, a 75 mL sample was diluted to 100 mL (after ~5 mL of reagents 
were added) to bring the concentration below 2 mg/L. For analysis of total phosphorus 
(persulfate digestion method) and analysis of orthophosphates + acid hydrolyzable phosphate 
(preliminary acid hydrolysis) only 50 mL was used and diluted to 100 mL to bring the 
concentration to below 2 mg/L. The type of filter used for the dissolved fractions was changed 
from a 0.45 µm filter to a 1.5 µm filter (same filter used for suspended solids analysis). The filter 
size was changed for multiple reasons. There was a limited amount of sample available for use 
and by using the same sample for suspended solids and phosphorus analysis it was possible to do 
multiple measurements within a shorter period of time. Therefore, for this thesis, the suspended 
phosphorus is assumed to be the phosphorus associated with the suspended solids and the 
dissolved phosphorus is the portion passing through a 1.5 µm filter.  
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When measuring phosphorus, a blank and standard (0.5 mg/L P) were also included with each 
set of samples for quality control. The temperature of wastewater was measured prior to the first 
set of jar tests for all experiments. 
All information regarding method detection limits, degree of uncertainty and calibration curves 
can be found in Appendix A. 
Table 3.1: Pre-treatment/Methods of Analysis 
Parameter Pre-treatment/ Method of 
Analysis 
Reference 
pH Electrometric Method Standard Methods 4500-H
+
 B 
Turbidity Nephelometric Method Standard Methods 2130 B 
Suspended Solids Gravimetric Method Standard Methods 2540D 
Orthophosphates Stannous Chloride Method Standard Methods 4500-P D 
Acid Hydrolyzable + 
Orthophosphates 
Preliminary Acid 
Hydrolysis/Stannous Chloride 
Method 
Standard Methods 4500-P B/  
Standard Methods 4500-P D 
Total Phosphorus Persulfate Digestion 
Method/Stannous Chloride 
Method 
Standard Methods 4500-P B/  
Standard Methods 4500-P D 
 
3.2 Speciation of Phosphorus 
Twenty-four hour composite samples were collected from the plant influent and the primary 
effluent at the LRWRP between August and November of 2011. The plant influent samples were 
collected upstream of the grit chamber and the primary effluent samples were collected from the 
primary clarifier effluent. These samples were analyzed for all twelve forms of phosphorus. This 
was done in order to determine which forms are present and in what quantity, as well as to 
determine which forms are currently being removed in primary treatment.  
3.2.1 Forms of Phosphorus 
Methods of analysis for orthophosphates, acid hydrolyzable + orthophosphates and total 
phosphorus were given in Section 3.1. Figures 3.1 and 3.2 as well as Table 3.2 show how the 
concentrations of each of the twelve different forms of phosphorus were determined. Figures 3.1 
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and 3.2 show the six different methods employed in the laboratory used to find concentrations of 
different forms of phosphorus and Table 3.2 shows how these values were then used to calculate 
the concentrations of the twelve different forms analyzed.   
 
 
Figure 3.1: Methods of Analysis for an Unfiltered Sample 
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Figure 3.2: Methods of Analysis for a Filtered Sample 
 
Table 3.2: Calculation of Phosphorus Species 
 Total Dissolved Suspended 
Orthophosphates A D G = A - D 
Acid-hydrolyzable H = B - A I = E - D J = H - I 
Organic K = C - B L = F - E M = K - L 
Orthophosphates, 
Acid-hydrolyzable, 
and Organic 
C F N = C - F 
 
3.3 Jar Tests 
Jar tests were conducted on samples of primary influent in order to simulate the effect of 
different variables on the dissolved reactive phosphorus (DRP) and suspended solids (SS) 
concentrations during CEPT. At the end of the jar test, the supernatant represents the primary 
clarifier effluent. The variables considered in these experiments included different dosages of 
alum and an anionic polymer, as well as dosages and combinations of different cationic 
polymers. The date, weather conditions, temperature, and pH of the water were also recorded for 
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all experiments. For some experiments turbidity was also measured, mainly to see if a correlation 
between turbidity and suspended solids could be found.  
All jar tests experiments were conducted using five 2L square B-Ker
2
 Plexiglas jars and a six-
paddle jar test apparatus (Phipps & Bird, Richmond, Virginia), as shown in Figure 3.3. These 
beakers have a sampling port located 10 cm below the 2L water line allowing for ease of 
sampling with minimal impact on the test. The jar test apparatus also consists of an illuminated 
base which allows for easy observation of floc size, settling rate and clarity of water. 
 
 
Figure 3.3: Jar Test Apparatus  
 
 
 
3.3.1 Sampling Locations 
Samples for these jar tests experiments were taken from three different locations within the 
LRWRP (shown in Figure 3.4). A schematic of the overall treatment process currently in 
operation is shown and discussed in Section 1.2.  
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Figure 3.4: Sampling Locations at LRWRP 
 
The alum needed for enhanced phosphorus and suspended solids removal is currently being 
added prior to grit removal (in the pumphouse). For the current study, wastewater samples prior 
to the addition of alum and polymer were required. After discussions with plant personnel it was 
decided that sample would be collected from the grit chamber (location 1) and the alum pumps 
would be turned off for one hour prior to collection of sample. However, low levels of DRP in 
some samples indicated that the pumps were not turned off long enough in advance or they were 
not turned off properly, if at all. Subsequently, the sampling location was changed to the influent 
channel (location 2) which only contains wastewater from the western trunk. However, after two 
experiments the location was deemed too dangerous for obtaining samples and the location was 
changed again. The third location selected was upstream of the bar screen and the alum pumps 
were turned off for 1.5 hours prior to collection. Problems with low levels of DRP were also 
faced at this location. However, after discussing these issues with the plant personnel it was 
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decided that prior to sample collection someone would double check to make sure all pumps 
were turned off properly. After this point, there were no more issues with low levels of DRP. For 
the final experiment (Experiment 20) alum addition was changed to be after the grit removal due 
to problems with foaming. The sample was also taken upstream of the bar screen. The sampling 
locations for all jar tests are given in Table 3.3. 
The five samples used for the speciation of phosphorus were also collected at Location 1, 
however, at the time of collection the alum was being added after the grit chamber (alum 
addition was relocated to the pumphouse for better mixing). 
Table 3.3: Sampling Location 
Experiment No. Date Sampling Location 
Preliminary Tests with Alum and Polymer 
Experiment 1 Feb 3, 2012 Location 1 
Experiment 2 Mar 5, 2012 Location 1 
Experiment 3 Mar 6, 2012 Location 1 
Varying Dosages of Alum 
Experiment 4 Mar 21, 2012 Location 1 
Experiment 5 Mar 30, 2012 Location 1 
Experiment 6 May 11, 2012 Location 2 
Experiment 7 May 11, 2012 Location 2 
Experiment 8 May 31, 2012 Location 2 
Experiment 9 June 20, 2012 Location 3 
Experiment 10 July 4, 2012 Location 3 
Experiment 11 July 19, 2012 Location 3 
Experiment 12 Aug 2, 2012 Location 3 
Varying Dosages of Polymer 
Experiment 13 Dec. 6, 2012 Location 3 
Experiment 14 Dec. 11, 2012 Location 3 
Experiment 15 Dec. 13, 2012 Location 3 
Cationic Polymers 
Experiment 16 Aug. 17, 2012 Location 3 
Experiment 17 Aug. 24, 2012 Location 3 
Experiment 18 Sept. 27, 2012 Location 3 
Experiment 19 Oct. 9, 2012 Location 3 
Experiment 20 Jan. 25, 2013 Location 3 
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3.3.2 Sample Collection 
All samples were collected between 8 am and 2 pm and were collected in two 20 L buckets. The 
samples were collected by employees at the LRWRP by throwing an additional bucket attached 
to a rope into the waste stream and then pulling the sample up. For the first seven experiments 
wastewater between the two buckets was not mixed, however, for experiments 8 to 18 one litre 
of wastewater from each bucket was used for each jar test.  
3.4 Jar Tests using Alum and Polymer 
 
Fifteen experiments were conducted using alum and anionic polymer currently being used at the 
plant and were done using samples from all locations. Each experiment used a control jar test 
with zero alum and polymer in order to see the effects of settling alone.  
3.4.1 Preparation of Alum and Polymer 
Alum and polymer were both collected from the LRWRP. The plant obtains alum as 4.4% 
aluminum from General Chemical, USA. The anionic polymer used is ~0.34% (prepared at the 
plant), obtained from SNF Polydyne, USA. Alum was only collected twice due to its longer shelf 
life of one year (General Chemical); however, polymer was collected each time an experiment 
was run. The alum was diluted to a 1 g (as Al)/L solution and the polymer was diluted to a 0.1 
g/L solution. All alum dosages in this thesis are expressed as mg (as Al)/L. 
3.4.2 Jar Test Procedure 
The jar test procedure used at the LRWRP was followed for these experiments. Alum was added 
to the jar test beakers and mixed at 100 rpm (G = 55 s
-1
 (Appendix F)) for 1 minute. Then 
polymer was added and the mixing was reduced to 75 rpm (G = 41s
-1
) for 30 seconds. The 
stirring was then reduced to 35 rpm (G = 15 s
-1
) for 5 minutes to promote flocculation, followed 
by settling for 15 minutes. Prior to sample collection, water was purged through the beaker 
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nozzle for 5 to 10 seconds to remove any solids that may have settled within or surrounding the 
nozzle. Five-hundred millilitres was then collected from each jar test beaker for analysis. 
3.4.3 Experiment 1 
A two by two factorial design was selected using alum concentrations of 3.0 mg/L and 7.0 mg/L 
and polymer dosages of 0.1 mg/L and 0.3 mg/L, which is shown in Table 3.4. These values were 
selected since the plant is currently operating within these ranges. This experiment was repeated 
twice using the same wastewater in order to determine the repeatability of the jar test procedure. 
For each jar test, DRP was measured. 
Table 3.4: Setup of Experiment 1 for Alum and Polymer 
 
Alum Dosage  
= 3.0 mg/L 
Alum Dosage 
 = 7.0 mg/L 
Polymer Dosage 
 = 0.1 mg/L DRP DRP 
Polymer Dosage 
 = 0.3 mg/L DRP DRP 
3.4.4 Experiment 2 
A constant polymer dosage of 0.3 mg/L and alum dosages of 0, 0.5, 1.0 and 3.0 mg/L were 
selected. DRP was measured for each jar test.  
3.4.5 Experiment 3 
For experiment 3 another factorial design was selected. However, this time alum dosages of 0.5 
and 1.5 mg/L were selected. Polymer dosages remained at 0.1 and 0.3 mg/L. In this experiment 
DRP, SS and turbidity were measured.  
3.4.6 Experiments 4-12 
Experiments 4 through 12 used a constant polymer dosage of 0.3 mg/L for all jar tests, excluding 
the control, and alum dosages of 0, 0.5, 1.0, 1.5, 2 and 5 mg/L. For all experiments DRP and SS 
were measured. Turbidity was also recorded for some tests. Experiments 4 and 5 used samples 
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from location 1, Experiments 6 to 8 used samples from location 2 and Experiments 9 through 12 
used samples from location 3.  
3.4.7 Experiments 13-15 
Experiments 13 to 15 were conducted to determine the effect of polymer dosage on SS and 
phosphorus concentrations. A constant alum dosage of 1.0 mg/L was chosen and polymer 
dosages of 0, 0.1, 0.3, 0.5, 1.0 and 2.0 mg/L were used. A jar test using only 1.0 mg/L polymer 
(no alum) and a jar test using 5.0 mg/L alum and 0.3 mg/L polymer (plant dosages) were also 
included. Suspended solids, turbidity and DRP were recorded.  
3.5 Jar Tests using Cationic Polymers: Experiments 16-20 
 
Ten polymers were supplied by Tramfloc, Inc (Tempe, USA). One of these polymers was 
recommended to be used as a coagulant and nine were recommended as flocculants. Table 3.4 
lists the names, primary use, charge and molecular weight of each polymer. All polymers used 
were supplied as emulsions.  
Table 3.5: Cationic Polymers Supplied by BASF and Tramfloc, Inc. 
 
3.5.1 Preparation of Polymers 
This method was based on procedures provided by Tramfloc, Inc. Polymers were diluted to 0.1% 
and 1% solutions, depending on the concentration being used, immediately prior to each 
Name Primary Use Molecular 
Weight 
Charge 
Tramfloc 552 Coagulant Low Cationic 
Tramfloc 133 Flocculant High Non-ionic 
Tramfloc 300 Flocculant High Cationic 
Tramfloc 302 Flocculant High Cationic 
Tramfloc 304 Flocculant High Cationic 
Tramfloc 306 Flocculant High Cationic 
Tramfloc 308 Flocculant High Cationic 
Tramfloc 310 Flocculant High Cationic 
Tramfloc 317 Flocculant High Cationic 
Tramfloc 321 Flocculant High Cationic 
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experiment. Liquid polymer was added to warm tap water and mixed with a magnetic stirrer for 
approximately 15 minutes. The solution was then left undisturbed for a minimum of 60 minutes 
allowing the tightly wound polymer chains to uncoil before use.  
3.5.2 Jar Test Procedure 
The jar test procedure used for experiments with cationic polymers varies slightly from the 
procedure using alum and polymer and was based on methods provided by Tramfloc, Inc. The 
polymers were added to the jar test beakers and mixed at 100 rpm for 3 minutes. The mixing was 
then reduced to 40 rpm (G = 18 s
-1
) for 5 minutes followed by settling for 15 minutes. Prior to 
sample collection, water was purged through the nozzle for 5 to 10 seconds to remove any solids 
that may have settled within or surrounding the nozzle. Five-hundred millilitres of sample was 
then collected from each jar test beaker for further analysis.  
3.5.3 Tramfloc Preliminary Experiments 
Based on recommendations from Tramfloc, Inc. all cationic polymers were first tested 
individually. All 100 and 300 series polymers were tested at dosages including 2, 5, 10 and 20 
mg/L and the 500 series polymers were tests at dosages including 5, 10, 20 and 50 mg/L. The 
two flocculants resulting in the lowest turbidity by themselves were then tested in combination 
with Tramfloc 552 (dosages of 10 and 20 mg/L for Tramfloc 552 and dosages of 5 and 10 mg/L 
for the two flocculants). A control was run for each experiment in order to see the effects of 
settling alone. For each experiment, jar tests using 5.0 mg/L of alum and 0.3 mg/L of anionic 
polymer were also done for comparison. For all preliminary tests, turbidity was measured and 
settling rate, clarity and floc size were observed. Turbidity was used as surrogate for suspended 
solids. The clarity, settling rate and floc size were rated on a scale of 1-10, 1 being the worst and 
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10 being the best. The control was given a score of 5 for all experiments and the remaining jar 
tests were visually rated in comparison to the control. 
3.5.4 Experiments using Polymer 552 and Polymer 302 
Based on preliminary tests, two cationic polymers were selected for further testing. The selected 
polymers were Polymer 552 (to be used as a coagulant) and Polymer 302 (to be used as a 
flocculant). A central composite design was selected in order to determine the effect of different 
concentrations on the phosphorus and suspended solids levels. This design is shown in Figure 
3.5. The concentration ranges selected were from 0 to 20 mg/L for Polymer 552 and 0 to 10 
mg/L for Polymer 302. This test was done in triplicate (Experiments 18-20) due to the variability 
of wastewater. For each jar test, suspended solids, turbidity and DRP were measured. 
 
 
Figure 3.5: Central Composite Design for Tramfloc Cationic Polymers. The first number 
represents the concentration of Polymer 552 and the second represents the concentration of 
Polymer 302. 
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CHAPTER 4 
RESULTS AND DISCUSSION 
4.1 Forms of Phosphorus and their Prevalence at the LRWRP 
Five samples were taken from the plant influent (location 1) and primary effluent in order to 
analyze for different forms of phosphorus. All samples were collected from the plant influent and 
the primary effluent at the LRWRP between August and November of 2011 (twenty-four hour 
composite samples). The methods of calculating the concentration of the twelve forms of 
phosphorus are discussed in Section 3.2.1.  Table 4.1 shows the total (suspended and dissolved) 
average phosphorus concentrations in the plant influent and primary effluent, as well as the 
standard deviation, the number of samples and the maximum and minimum values. The average 
total phosphorus (TP) concentration in the plant influent is approximately 3.8 mg/L and is 
reduced to approximately 1.3 mg/L in the primary effluent. The majority of the phosphorus 
coming into the plant is in the form of reactive phosphorus (RP) at a concentration of 2.5 mg/L 
on average (approximately 66% of incoming phosphorus) which is reduced to approximately 0.5 
mg/L in the primary effluent. 
Table 4.1: Total Phosphorus Levels during CEPT at the LRWRP (Suspended and Dissolved) 
Parameter 
Average 
(mg/L) 
Standard Deviation 
(mg/L) Samples  
Minimum 
(mg/L) 
Maximum 
(mg/L) 
Plant Influent           
RP 2.5 0.8 5 1.4  3.2  
Acid Hydrolyzable 0.6 0.2 5 0.5  1.0  
Organic 0.7 0.4 5 0.2  1.1  
Total 3.8 0.9 5 2.4  4.9  
Primary Effluent           
RP 0.54 0.2 5 0.3  0.9  
Acid Hydrolyzable 0.36 0.1 5 0.2  0.6  
Organic 0.36 0.3 5 <0.04 0.6  
Total 1.3 0.5 5 0.7  1.9  
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Table 4.2 shows the dissolved phosphorus concentrations in the plant influent and primary 
effluent. The majority of this is also in the form of RP (approximately 88%).  
Table 4.2: Dissolved Phosphorus Levels during CEPT at the LRWRP  
Parameter 
Average 
(mg/) 
Standard 
Deviation (mg/) Samples 
Minimum 
(mg/L) 
Maximum 
(mg/L) 
Plant Influent           
RP 1.7 0.6 4 0.8  2.1  
Acid Hydrolyzable <0.04 0.1 4 <0.04 0.1  
Organic 0.2 0.1 4 0.1  0.4  
Total Dissolved 1.9 0.7 4 1.0  2.3  
Primary Effluent           
RP <0.04 <0.04 4 <0.04 <0.04 
Acid Hydrolyzable <0.04 <0.04 4 <0.04 <0.04 
Organic 0.04 0.1 4 <0.04 0.2  
Total Dissolved 0.04 0.1 4 <0.04 0.2  
 
Table 4.3 shows the average suspended phosphorus concentrations in the plant influent and 
primary effluent. The majority of phosphorus was once again in the form of RP, however, this 
time at only 47%. 
Table 4.3: Suspended Phosphorus Levels during CEPT at the LRWRP  
Parameter 
Average 
(mg/L) 
Standard 
Deviation (mg/L) Samples  
Minimum 
(mg/) 
Maximum 
(mg/L) 
Plant Influent           
RP 0.9 0.3 4 0.6  1.2  
Acid Hydrolyzable 0.7 0.2 4 0.4  1.0  
Organic 0.4 0.3 4 <0.04 0.6  
Total Suspended 1.9 0.5 4 1.5  2.5  
Primary Effluent           
RP 0.45 0.1 4 0.3  0.6  
Acid Hydrolyzable 0.35 0.2 4 0.2  0.6  
Organic 0.25 0.3 4 <0.04 0.6  
Total Suspended 1.0 0.4 4 0.5  1.5 
 
Based on these results, removal rates for all twelve forms of phosphorus were determined. These 
results are shown in Table 4.4. Total phosphorus was found to be removed at approximately 49% 
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(the majority of this being in the form of RP). Removal of suspended phosphorus is lower with 
an average of 46%; however, somewhat higher levels would be expected since suspended solids 
removal in the primary clarifiers is typically higher. Total dissolved phosphorus was removed at 
a rate of approximately 98%, however, it is important to note that there are very low levels of 
dissolved acid hydrolzable and organic phosphates in the plant influent and, therefore, this value 
is based primarily on the DRP removal. Also, the removal rate shown for dissolved acid 
hydrolzable phosphates is misleading since the incoming dissolved acid hydrolyzable phosphates 
levels are below the method detection limit.  
Currently, all of the DRP is being removed in primary treatment which is most likely due to its 
reaction with alum (this is discussed in Section 2.1.3). DRP has been considered to be the most 
bioavailable with almost 100% expected to be available for biological uptake during municipal 
wastewater treatment. With the average DRP in the plant influent measured at 1.7 mg/L, there is 
more than enough bioavailable phosphorus in the wastewater influent to eliminate the need for 
additional P supplement (~0.2-1 mg/L) currently being added after CEPT. A method of 
removing sufficient suspended solids (SS) while keeping the DRP in the primary effluent needs 
to be determined. 
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Table 4.4: Removal of Phosphorus in CEPT 
Form of Phosphorus Percent Removal in Primary 
Total (Dissolved and Suspended)   
Orthophosphates 72 
Acid Hydrolyzable 31 
Organic 26 
Total 49 
Dissolved   
Orthophosphates ~100 
Acid Hydrolyzable ~100 
Organic 82 
Total 98 
Suspended   
Orthophosphates 51 
Acid Hydrolyzable 45 
Organic 35 
Total 46 
 
 
Figure 4.1 summarizes the results from Tables 4.1, 4.2 and 4.3 showing the average 
concentration and standard deviation of the different forms of phosphorus based on the five 
samples.  
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Figure 4.1: Levels of Various Forms of Phosphorus Found at the LRWRP in the Plant Influent and Primary Effluent 
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4.2 CEPT Process Modifications 
The average influent SS concentration is within the range 180-220 mg/L and the plant target SS 
concentration in the primary effluent is <~40 mg/L based on the manufacturers recommended 
solids loading rate for the BAF process that follows primary treatment at the LRWRP. To 
achieve ~75 % or greater solids reduction CEPT is required. The possibility of removing 
sufficient suspended solids while keeping the DRP in the primary effluent was investigated. 
Laboratory-scale investigations on possible process modifications to the CEPT process are 
discussed in this section. 
4.2.1 Laboratory Testing versus Full Scale Plant Operation 
Jar tests were carried out in order to see the effects of various coagulants and coagulant aids on 
DRP and SS concentrations. These jar tests were carried out as specified in Section 3.2. For these 
experiments DRP was the only form of phosphorus that was measured since it makes up a large 
portion of the incoming phosphorus and it is by far the most bioavailable form. Measuring other 
forms of phosphorus would have reduced the number of experimental variables explored, with 
little benefit in terms of the effect on the goal, which is to promote the flow-through of 
bioavailable phosphorous in the primary clarifiers.  
Since jar tests are run under ideal conditions, much higher removal of SS was observed in the 
lab, as opposed to the plant. Based on thirteen jar tests run at plant dosages, an average SS 
removal of 91% (stdev=4.4%) was found. For the same days that these experiments were run, the 
average SS removal at the plant was 74% (stdev=15.3%) (a difference of 17%). These results are 
shown in Appendix E. This can also be observed in Figures 4.2 and 4.3. Figure 4.2 shows 
percent removal in the plant versus percent removal in the lab. It can be seen that the majority of 
points are located below the 45
o
 line, indicating that removal in the plant is typically lower than 
in the lab. Figure 4.3 shows SS in the primary effluent (plant) versus final SS levels in the lab. 
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All points (except for one) are located above the 45
o
 line, indicating that final SS levels in the lab 
are consistently lower than at the plant. 
 
 
Figure 4.2: Percent Solids Removal at the Plant vs. Percent Solids Removal in the Lab 
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Figure 4.3: SS in Primary Effluent (Plant) vs. Final SS in the Lab 
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by the requirements for the BAF secondary biological treatment process that follows.  The range 
of concentrations used varies between 3 – 7 mg (as Al)/L for alum and 0.1 – 0.3 mg/L for the 
anionic polymer, with 5 mg (as Al)/L for alum and 0.3 mg/L polymer being more commonly 
used. The alum dose throughout this thesis will be expressed in mg (as Al)/L. Results presented 
in Section 4.1 show that DRP concentration in the influent wastewater at the plant varied 
between 0.8 to 2.1 mg/L during the study. However, almost 100% of DRP is removed during 
primary treatment. The plant is currently adding 0.2-1 mg/L phosphorus to meet the nutrient 
needs for the BAF process. The first series of experiments were conducted with the currently 
used alum and polymer, since they were already in use at the plant. Experiments were conducted 
with varying alum and polymer concentrations in various stages to investigate if the alum and 
polymer dose could be modified to reduce the amount of DRP removed during primary treatment 
while still achieving the SS target. Figure 4.4 shows the desired outcome for these experiments. 
This graph is not based on any experimental data and is only included to give a general idea of 
the best case scenario.  
 
Figure 4.4: Desired Outcome of Research 
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With a decrease in alum dosage there was expected to be in an increase in the remaining 
phosphorus as well as suspended solids. The most optimal result would be to see a sharp increase 
in the amount of DRP remaining with a decrease in alum and polymer dosage while the decrease 
in SS remaining is more gradual. 
4.2.2.1 Alum and Polymer Preliminary Experiments 
Experiment 1 
The first experiment conducted used a two-level factorial design over the range of alum (3 – 7 
mg/L) and polymer (0.1 – 0.3 mg/L) dosages currently used at the plant. This experiment was 
done in duplicate in order to determine the repeatability of the method. Only DRP was measured 
in this experiment. A control was also run (zero alum and polymer) in order to see the effect of 
settling alone.  
From the results in Table 4.5 it can be seen that the incoming DRP is approximately 0.7 mg/L.  
As expected, settling alone (control) did not remove any significant portion of DRP. For all other 
experiments however, the DRP following treatment was reduced to below the method detection 
limit. According to Equation 2.7, an alum dosage of 0.9 mg (as Al)/L should remove 1 mg/L of 
phosphorus; therefore theoretically, to remove 0.7 mg/L of phosphorus, an alum dosage of 0.6 
mg/L would be required. Since the lowest alum dosage in this experiment was 3 mg/L it cannot 
be determined how accurate this assumption is for this experiment. However, since all alum 
dosages were well above the minimum required to remove phosphate it was expected that all 
phosphate would be removed. The results suggest that reduction in DRP removal during primary 
treatment over the range of alum and polymer dosages used at the plant may not be possible. 
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Table 4.5: Results for Experiment 1 (Feb 3, 2012) 
Sample Alum Dosage (mg/L)  Polymer Dosage (mg/L) DRP (mg/L) 
Influent N/A N/A 0.7  
Influent N/A N/A 0.7  
1 0 0 0.8  
1 (repeat) 0 0 0.7  
2 3 0.1 <0.04 
2 (repeat) 3 0.1 <0.04 
3 3 0.3 <0.04 
3 (repeat) 3 0.3 <0.04 
4 7 0.1 <0.04 
4 (repeat) 7 0.1 <0.04 
5 7 0.3 <0.04 
5 (repeat) 7 0.3 <0.04 
  
Experiment 2 
This experiment was a preliminary investigation on the effect of alum dosages < 3 mg/L on the 
removal of DRP present in influent wastewater.  A constant polymer dosage of 0.3 mg/L and 
four different alum dosages were selected including 0, 0.5, 1 and 3 mg/L and only DRP 
concentrations were monitored. A control test with zero alum and polymer was also included. All 
measured values are shown in Table 4.6. However for the graph (Figure 4.5), the average values 
for DRP are displayed (this method of displaying the data is consistent throughout the remainder 
of this report).  
Table 4.6: Results for Experiment 2 (Mar 5, 2012) 
Sample Alum Dosage (mg/L) Polymer Dosage (mg/L) DRP (mg/L) 
Influent N/A N/A 0.9, 0.9  
1 0.0 0.0 0.9, 0.9  
2 0.0 0.3 0.9, 0.9  
3 0.5 0.3 0.7, 0.7  
4 1 0.3 0.4, 0.4  
5 3 0.3 <0.04, <0.04 
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The results from the second experiment were consistent with the previous experiment.  All DRP 
was removed with an alum dosage of 3 mg/L and there was no significant difference in DRP 
between the influent and control. When only polymer was added there was also no significant 
removal of DRP, indicating that the addition of the polymer did not contribute to the removal of 
DRP during primary treatment. Figure 4.5 shows that with an increase in alum dosage, 
phosphorus removal increases and at some dosage between 1 and 3 mg/L, all DRP is removed. 
With an alum dosage of 1 mg/L approximately 50% of the DRP was removed. Theoretically an 
alum dosage of 0.9 mg/L should have removed all of the DRP in this sample; however, with an 
alum dosage of 1 mg/L there was only slightly more than 50% of DRP removed. This was most 
likely due to competing reactions, described in Section 2.1.3. 
 
 
Figure 4.5: DRP vs. Alum Dosage for Experiment 2 
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4.2.2.2 Effect of Alum and Polymer on DRP and SS 
Experiment 3 
Results of Experiment 2 showed that reduction in DRP removal can be achieved at alum dosages 
< 3 mg/L.  A second two-level factorial design was used for preliminary investigation on the 
effect of alum dose and its interaction with polymer dose on DRP and SS removal.  Alum 
dosages of 0.5 and 1.5 mg/L and polymer dosages of 0.1 and 0.3 mg/L were selected.   
 
Table 4.7: Results for Experiment 3 (Mar 6, 2012) 
Sample 
Alum 
Dosage 
(mg/L) 
Polymer 
Dosage 
(mg/L) 
 
 
pH DRP (mg/L) 
Suspended 
Solids (mg/L) 
Turbidity 
(NTU) 
Influent  N/A N/A 7.1 1.2, 1.2  149 67.0 
1 0 0 7.1 1.0, 1.0  37 20.5 
2 0.5 0.1 6.9 0.7, 0.7  34 20.2 
3 0.5 0.3 6.8 0.8, 0.8  27 13.7 
4 1.5 0.1 6.7 0.4, 0.4  26 15.1 
5 1.5 0.3 6.7 0.4, 0.4  23 6.6 
 
 
In Figure 4.6 it can be seen that with an increase in alum dosage there is a rapid decrease in the 
remaining phosphorus. It also appears as though with an increase in polymer dosage there is a 
very slight increase in remaining phosphorus. From the results in Figure 4.7 it can be seen that 
the polymer did not have a significant effect on the DRP values in the effluent at the 95% 
confidence level (p=0.070 >0.05), however, alum dosage did significantly affect the DRP levels 
(p=0.010 <0.05). The apparent effect of polymer dose in Figure 4.6 is most likely due to 
uncertainty in measurement.  
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Figure 4.6: DRP vs. Alum/Polymer Dosages 
 
 
Figure 4.7: Statistical Analysis (effect of alum and polymer dosage on DRP) 
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Figure 4.8: SS vs. Alum/Polymer Dosages 
 
 
Figure 4.9: Statistical Analysis (effect of alum and polymer dosage on SS) 
 
4.2.2.3 Effect of Varying Alum Dose  
Since alum was primarily responsible for the removal of DRP during primary treatment, more 
detailed investigation on the effect of alum dose over a larger range (0 – 7 mg/L) was conducted.  
Results from Experiment 3 showed that varying polymer dose between 0.1 – 0.3 mg/L had no 
significant effect on DRP reduction and only a marginal, if any, effect on SS removal. Therefore 
a constant polymer dosage of 0.3 mg/L was selected in these experiments. These experiments 
0
5
10
15
20
25
30
35
40
0 0.5 1 1.5 2
S
u
sp
en
d
ed
 S
o
li
d
s 
(m
g
/l
) 
Alum Dosage (mg/l) 
Polymer = 0.1mg/l
Polymer = 0.3mg/l
 46 
 
were also conducted in order to determine whether there was an effect of alum on SS, and if so 
how much. 
4.2.2.3.1 Sampling Locations 
Choosing a sampling location for obtaining a representative sample of the influent wastewater 
before the addition of chemicals (alum and polymer) was the biggest challenge in the current 
study.  The location was changed three times during the course of these experiments.  The three 
locations and the rationale for their selection is explained in Section 3.2.1.  Since the wastewater 
flows at the three locations make up different fractions of the total flow received by the plant, 
several experiments with varying alum dosages were conducted at each location, and the results 
obtained are discussed in separate sections below.  
4.2.2.3.2 Effect of Varying Alum Dose: Location 1 
For the first two experiments with varying alum dosage, sampling location 1 was used. There 
were more samples taken at this location following the first two, however, the results from these 
experiments are not included in this thesis. These experiments were not included due to the fact 
that the DRP was extremely low for these samples and the removal of SS was very high, even in 
the control. For these samples it was assumed that the alum pumps were not turned of properly 
prior to sample collection (if at all) and, therefore, it was concluded that alum was already 
present in the sample. However, the first two experiments at this location did not have these 
issues and are, therefore, included in this thesis. For these experiments, alum dosages of 0, 0.5, 1, 
1.5, 2, 3, 5 and 7 mg/L were selected. A control jar test was also conducted and the jar test with 
0.5 mg/L alum was done in duplicate for quality control. The results for these experiments are 
shown in Tables 4.8 and 4.9. 
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Table 4.8: Results for Experiment 4 (Mar 21, 2012) 
Sample 
Alum Dosage 
(mg/L) 
Polymer 
Dosage (mg/L) pH DRP (mg/L) 
Suspended Solids 
(mg/L) 
Influent  N/A N/A 7.3 0.9 138.5 
1 0 0 7.3 0.9  78.5 
2 0 0.3 7.2 1.0  73.8 
3 0.5 0.3 7.2 0.7 68.6 
3 (repeat) 0.5 0.3 7.2 0.7  65.7 
4 1 0.3 7.1 0.4 70.7 
5 1.5 0.3 7.0 0.1 54.1 
6 2 0.3 6.9 0.04 43.6 
7 3 0.3 6.8 <0.04 28.8 
8 5 0.3 6.6 <0.04 20.8 
9 7 0.3 6.6 <0.04 21.3 
 
 
 
Table 4.9: Results for Experiment 5 (Mar 30, 2012) 
Sample 
Alum Dosage 
(mg/L) 
Polymer 
Dosage (mg/L) pH DRP (mg/L) 
Suspended 
Solids (mg/L) 
Turbidity 
(NTU) 
Influent N/A N/A 7.2 0.8  240, 231 100 
1 0 0 7.2 0.8  73.8, 69.2 51 
2 0 0.3 7.2 0.8  37.3, 29.9 25 
3 0.5 0.3 7.1 0.5  25.9, 31.8 23 
3 (repeat) 0.5 0.3 7.1 0.5  38.8, 35.3 29 
4 1 0.3 7.0 0.3  47.1, 52.9 38 
5 1.5 0.3 7.0 0.3  20.0, 19.2 15 
6 2 0.3 6.9 <0.04 34.0, 31.0 23 
7 3 0.3 6.9 <0.04 14.3 14.9 
8 5 0.3 6.7 <0.04 12.0 8.0 
9 7 0.3 6.6 <0.04 3.4 3.9 
 
 
The results from Experiments 4 and 5 are consistent with previous experiments (Figure 4.10). 
There was no DRP removed by settling alone or when treated with only polymer. All DRP was 
removed with treatment of 2 mg/L or more of alum for both experiments.  
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Figure 4.10: Dissolved Reactive Phosphorus vs. Alum Dosage: Location 1 
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Figure 4.11: Suspended Solids vs. Alum Dosage: Location 1 
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experiments (Experiments 8 to 20) 1 L from each bucket was used in each jar test. All results 
from these experiments are displayed in Tables 4.10, 4.11 and 4.12.  
 
Table 4.10: Results for Experiment 6 (May 11, 2012) 
Sample 
Alum Dosage 
(mg/L) 
Polymer Dosage 
(mg/L) pH 
DRP 
(mg/L) SS (mg/L) 
Influent NA NA 7.1 1.0  120, 122 
1 0 0 7.1 1.0  40 
2 0 0.3 7.0 0.9  29 
3 0.5 0.3 7.0 0.8  44 
4 1 0.3 6.9 0.5  36 
5 1.5 0.3 6.9 0.3  15 
6 2 0.3 6.8 0.2  18 
7 5 0.3 6.7 <0.04 9 
 
 
 
Table 4.11: Results for Experiment 7 (May 11, 2012) 
Sample 
Alum Dosage 
(mg/L) 
Polymer Dosage 
(mg/L) pH 
DRP 
(mg/L) SS (mg/L) 
Influent NA NA 6.9 1.6  - 
1 0 0 6.9 1.6  60 
2 0 0.3 6.9 1.6  48 
3 0.5 0.3 6.8 1.1  55 
4 1 0.3 6.8 1.0  52 
5 1.5 0.3 6.7 0.8  30 
6 2 0.3 6.7 0.5  24 
7 5 0.3 6.5 <0.04 3.3 
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Table 4.12: Results for Experiment 8 (May 31
st
, 2012) 
Sample 
Alum Dosage 
(mg/L) 
Polymer Dosage 
(mg/L) pH DRP (mg/L) SS (mg/L) 
Influent NA NA 7.4 1.1  186, 196 
Control 0 0 7.4 1.2  69.3 
Control (repeat) 0 0 7.4 1.2  64.0 
1 0 0.3 7.4 1.1  78.0 
1 (repeat) 0 0.3 7.4 1.1  60.0 
2 0.5 0.3 7.4 0.8  58.3 
2 (repeat) 0.5 0.3 7.4 1.0  55.2 
3 1 0.3 7.3 0.6  42.7 
3 (repeat) 1 0.3 7.3 0.6  53.6 
4 1.5 0.3 7.3 0.4 33.3 
4 (repeat) 1.5 0.3 7.3 0.4  47.2 
5 2 0.3 7.2 0.2  30.7 
5 (repeat) 2 0.3 7.2 0.1  42.4 
6 5 0.3 7.1 <0.04 22.0 
6 (repeat) 5 0.3 7.1 <0.04 12.5 
 
 
Trends involving DRP values are all consistent with previous experiments (Figure 4.12). Influent 
DRP values for Experiment 7 were about 50% higher than the other samples and, therefore, there 
was still about 0.3 mg/L remaining DRP after treatment with 2 mg/L of alum.  
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Figure 4.12: DRP vs. Alum Dosage: Location 2 
 
With an increase in alum dosage there was a decrease in remaining SS for all three experiments, 
which can be seen most clearly in Experiment 8 (Figure 4.13).  
 
Figure 4.13: SS vs. Alum Dosage: Location 2 
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4.2.2.3.4 Effect of Varying Alum Dose: Location 3 
Experiment 9:  
Experiment 9 was done as a preliminary test in order to determine whether or not the new 
sampling location (3) would be a suitable. This location was used for Experiments 9-20. This test 
included a control (no alum or polymer) and eight additional jar tests with a constant polymer 
dosage of 0.3 mg/L and alum dosages of 0, 0.5, 1, 1.5, 2, 3 and 5 mg/L of alum. The jar test with 
0.5 mg/L of alum was repeated for quality control. Table 4.13 shows the results for this 
experiment including pH, DRP and SS.  
Table 4.13: Results for Experiment 9 (June 20, 2012) 
Sample 
Alum Dosage 
(mg/L) 
Polymer 
Dosage (mg/L) pH DRP (mg/L) SS (mg/L) 
Influent NA NA 7.2 2.0  132 
1 0 0 7.2 2.0  43 
2 0 0.3  7.2 2.0  41 
3 0.5 0.3  6.9 1.8  34 
3 
(repeat) 0.5 0.3  6.9 1.6  37 
4 1 0.3  6.9 1.4  41 
5 1.5 0.3 6.8 1.0  45 
6 2 0.3  6.8 0.8  32 
7 3 0.3  6.7  - 20 
8 5 0.3  6.6  - 9.0 
 
The DRP was comparatively high in this sample and, therefore, it was assumed that there was no 
residual alum in the wastewater, and the sample was valid. Although it was assumed that all DRP 
would be removed with an alum dosage greater than 2 mg/L, the high DRP concentration coming 
in, as well as remaining DRP when 2 mg/L was used, suggests that there may still have been 
some remaining DRP, if it had been measured, in the jar tests with 3 and 5 mg/L of alum. 
Therefore, DRP was measured for all jar tests following this experiment (Experiments 10-20). 
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Figures 4.14 and 4.15 show the results for the DRP and SS concentrations with varying alum 
dosages. 
 
Figure 4.14: DRP vs. Alum Dosage: Location 3 (Experiment 9) 
 
 
Although there is high variability in SS measurements, it seems that there is little difference in 
SS removal between 0 and 2 mg/L of alum (with 0.3 mg/L polymer). However, this increases 
drastically with an increase from 2 to 5 mg/L alum.  
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Figure 4.15: SS vs. Alum Dosage: Location 3 (Experiment 9) 
 
 
Experiments 10 to 12: 
For the next three experiments a constant polymer dosage of 0.3 mg/L and alum dosages of 0, 
0.5, 1, 1.5, 2 and 5 mg/L were selected and two controls (no alum or polymer) were also 
included. Each jar test was repeated twice for quality control (total of 14 jar tests per 
experiment).  
The results for these experiments are shown in the following tables.  
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Table 4.14: Results for Experiment 10 (July 4
th
, 2012) 
Sample 
Alum 
Dosage 
(mg/L) 
Polymer 
Dosage 
(mg/L) pH 
DRP 
(mg/L) SS (mg/L) 
Turbidity 
(NTU) 
Influent NA NA 7.1 1.0  136, 132 115, 111 
1 0 0 7.1 0.9  58.7, 58.7 50.3 
1 (repeat) 0 0 7.1 0.9  60.0, 61.3 49.2 
2 0 0.3 7.1 0.8  42.0, 47.0 32.7 
2 (repeat) 0 0.3 7.1  0.9  39.0, 52.0 35.5 
3 0.5 0.3  6.9 0.7  37.6, 55.2 29.9 
3 (repeat) 0.5 0.3  6.9 0.7  33.6, 48.8 28.9 
4 1 0.3  6.8 0.4  24.8, 49.6 24.6 
4 (repeat) 1 0.3  6.8 0.4  28.0,37.6 19.8 
5 1.5 0.3  6.8 0.4  15.2, 19.2 15.3 
5 (repeat) 1.5 0.3  6.8 0.3  22.4, 28.8 19.4 
6 2 0.3  6.7 0.2  10.4, 20.8 10.2 
6 (repeat) 2 0.3  6.7 0.2  11.2, 2.4 9.1 
7 5 0.3  6.5 <0.04 1.1, 2.3 7.4 
7 (repeat) 5 0.3  6.5 <0.04 4.6, 10.9 4.4 
 
 
 
Table 4.15: Results for Experiment 11 (July 19
th
, 2012) 
Sample 
Alum 
Dosage 
(mg/L) 
Polymer 
Dosage 
(mg/L) pH DRP (mg/L) SS (mg/L) 
Turbidity 
(NTU) 
Influent NA NA  7.0 1.0  105, 113 98.5, 101 
1 0 0  7.0 1.0  32.0, 32.0 25.6 
1 (repeat) 0 0  7.0 0.9  45.3, 45.3 28.3 
2 0 0.3  7.0 1.1  45.3, 46.7 29.5 
2 (repeat) 0 0.3  7.0 1.0  46.7, 49.3 30.2 
3 0.5 0.3  6.8 0.9  40.0, 41.3 27.2 
3 (repeat) 0.5 0.3  6.8 0.8  40.0, 41.3 26.5 
4 1 0.3  6.7 0.6  45.3, 41.3 26.8 
4 (repeat) 1 0.3  6.7 0.5  40.0, 42.7 26.6 
5 1.5 0.3  6.6 0.3  33.3, 36.0 25.0 
5 (repeat) 1.5 0.3  6.6 0.3  38.7, 41.3 24.2 
6 2 0.3  6.6 0.1  37.0, 37.0 23.9 
6 (repeat) 2 0.3  6.6 0.1  36.0, 38.0 23.7 
7 5 0.3  6.4 <0.04 5.7, 5.7  8.3 
7 (repeat) 5 0.3  6.4 <0.04 6.3, 5.7  9.4 
 57 
 
Table 4.16: Results for Experiment 12 (Aug 2, 2012) 
Sample 
Alum Dosage 
(mg/L) 
Polymer 
Dosage (mg/L) pH 
DRP 
(mg/L) SS (mg/L) 
Turbidity 
(NTU) 
Influent NA NA  7.2 2.0  121,130 90.3 
1 0 0  7.2 1.9  58.0, 58.0 47.8 
1 (repeat) 0 0  7.2 1.9  54.7, 53.3 43.6 
2 0 0.3  7.2 1.9  54.0, 58.0 42.6 
2 (repeat) 0 0.3  7.2 1.9  56.0, 57.3 40.8 
3 0.5 0.3  7.0 1.6  58.0, 52.0 39.8 
3 (repeat) 0.5 0.3  7.0 1.5  49.3, 53.3 35.4 
4 1 0.3  6.8 1.3  57.3, 56.0 39.3 
4 (repeat) 1 0.3  6.8 1.3  50.7, 50.7 34.4 
5 1.5 0.3  6.7 0.9  58.0, 58.0 36.8 
5 (repeat) 1.5 0.3  6.8 1.0  48.0, 47.0 29.8 
6 2 0.3  6.7 0.7  44.0, 42.9 29.8 
6 (repeat) 2 0.3  6.7 0.6  37.6, 37.6 22.6 
7 5 0.3  6.6 <0.04 25.7 10.3 
7 (repeat) 5 0.3  6.6 <0.04 16.6, 16.6 6.3 
 
 
Figure 4.16 shows DRP vs. alum dosage for Experiments 10 to 12. These results are consistent 
with previous experiments. The majority of DRP seems to be removed between 2 and 3 mg/L of 
alum for Experiments 10 and 11 and between 3 and 4 mg/L for Experiment 12.  
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Figure 4.16: DRP vs. Alum Dosage: Location 3 
 
 
Figure 4.17 shows suspended solids vs. alum dosage for Experiments 10 to 12. In Experiments 
11 and 12 there seems to be a more gradual decrease in SS with an increase in alum dosage, 
however, this decrease is much more regular in Experiment 10. In Experiment 10, SS are 
reduced to 10 mg/L with an alum dosage of 2 mg/L which decreases to approximately 5 mg/L 
with an alum dosage of 5 mg/L. In Experiments 11 and 12 the SS concentration is only reduced 
to approximately 40 mg/L with treatment of 2 mg/L alum, and SS is then reduced to 5 and 20 
mg/L, respectively, with a dosage of 5 mg/L.  
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Figure 4.17: SS vs. Alum Dosage: Location 3
4.2.2.3.5 Summary: Effect of Varying Alum Dose 
 
Figure 4.18 shows the removal of DRP with increasing alum dosage and Figure 4.19 shows the 
percent removal of DRP with increasing alum dosage for Experiments 4 to12. The DRP removal 
increases till all DRP is removed, at which point the line for each experiment levels out. Table 
4.17 is a summary of the DRP results from Experiments 1 to 12.  This table shows the average 
DRP values in the plant influent as well as DRP values following different levels of treatment (as 
well as standard deviation and number of samples). It also shows the average removal of DRP 
during treatment (as well as standard deviation). Table 4.18 is a summary of SS removal for 
Experiments 4 to 12. From these results it can be seen that there is very little difference in 
suspended solids removal between 0 and 1 mg/L alum (with 0.3 mg/L polymer). However, there 
is a large increase in removal with an increase to 1.5 mg/L of alum (from approximately 65% 
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removal to 75% removal with an increase from 1 to 1.5 mg/L alum). This removal increases to 
approximately 92% removal with 5 mg/L of alum.  
 
 
Figure 4.18: DRP Removal vs. Alum Dosage 
 
 
 
Figure 4.19: Percent DRP Removal vs. Alum Dosage 
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Table 4.17: Removal of Dissolved Reactive Phosphorus with Varying Alum Dosage and Constant Polymer Dosage (0.3 mg/L) 
Sample 
Alum 
Dosage 
(mg/L) 
Average 
Remaining 
DRP (mg/L) 
Standard 
Deviation 
(mg/L) 
Number 
of 
Samples 
Max 
(mg/L) 
Min 
(mg/L) 
Average 
DRP 
Removal 
(mg/L) 
Coefficient 
of 
Variation 
Average 
Percent 
Removal (%) 
Influent 
 
NA 1.2 0.4 10 2.0  0.8  NA NA NA 
1 
 
0 1.2 0.4 10 2.0  0.8  <0.04 - - 
2 
 
0.5 0.9 0.4 10 1.7  0.5  0.3 0.4 27 
3 
 
1.0 0.7 0.4 8 1.4  0.3  0.5 0.2 46 
4 
 
1.5 0.5 0.3 10 1.1  0.1  0.8 0.2 63 
5 
 
2.0 0.3 0.3 9 0.8  <0.04 1.0 0.2 82 
6 
 
3.0 <0.04 - 3 <0.04 <0.04 0.8 0.1 ~100 
7 
 
5.0 <0.04 - 4 <0.04 <0.04 1. 0.4 ~100 
8 
 
7.0 <0.04 NA 1 <0.04 <0.04 0.9 NA ~100 
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Table 4.18: Removal of Suspended Solids with Varying Alum Dosage and Constant Polymer Dosage (0.3mg/L) 
Sample 
 
Alum Dosage 
Average 
Remaining SS 
(mg/L) 
Standard 
Deviation 
(mg/L) 
Number 
of 
Samples 
Max 
(mg/L) 
Min 
(mg/L) 
Average 
SS 
Removal 
(mg/L) 
Coefficient 
of 
Variation  
Average 
Percent 
Removal 
(%) 
(mg/L) 
Influent  146 40.5 9 236 109 NA NA NA NA 
1  49 15 9 74 29 97 0.4 65 0 
2  48 11 9 67 33 99 0.4 66 0.5 
3  48 11 9 71 35 99 0.4 66 1 
4  31 14 9 54 15 111 0.4 74 1.5 
5  31 11 9 43 11 116 0.4 78 2 
6  21 7.3 3 29 14 148 0.4 86 3 
7  11 6.5 9 21 3.3 137 0.3 92 5 
8  12 13 2 21 3.4 175 0.5 92 7 
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Figure 4.20 shows the theoretical versus actual removal of DRP. This is based on a removal of 1 
mg/L of phosphorus for 0.87 mg/L of aluminum. From these results it can be seen that the actual 
removal is approximately 0.4 of the theoretical removal. This is due to competing reactions and 
is affected by alkalinity, pH and trace elements. However, there is a fairly strong correlation 
found between actual and theoretical values (R
2
=0.88). 
 
Figure 4.20: Theoretical DRP Removal vs. Actual DRP Removal. Theoretical removal is alum 
dosage times 1.15. 
 
From these experiments the following can be concluded: 
 
1. The majority of DRP is removed between 1.5 and 3 mg/L alum dosage (depending on the 
influent DRP concentration). 
2. Polymer (by itself) does not consistently have any significant effect on the DRP 
concentration. 
3. Settling alone has no visible impact on DRP concentration. 
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4. Settling alone removes a substantial portion of SS, however, not enough to meet 
requirements for the BAF. 
5. Although there is high variability in SS, there is still a clear decrease in SS with increase 
in alum dosage; however, there is very little difference between alum dosages of 0 to 1 
mg/L. This can be seen in Table 4.18. 
6. Any alum dosage below 2 mg/L will not remove a sufficient amount of SS (when used in 
combination with only 0.3 mg/L of polymer). Current plant dosages (5 to 7 mg/L) 
remove approximately 92% of SS (in jar tests) while 2 mg/L or less removes less than 
80% of SS in jar tests. 
7. A dosage of 1 mg/L of alum results in the removal of approximately 0.5 mg/L of DRP 
(which can be seen in Table 4.17). Based on influent levels, which range from 
approximately 1 to 2 mg/L of DRP, a significant portion of the required phosphorus could 
be passed through the primary clarifier with this alum dosage, meaning that adding 
phosphoric acid would not be necessary. However, the SS levels at this alum and polymer 
dosage would be above 40 mg/l and therefore would not be suitable for the BAF. 
8. The desired outcome of these experiments was that as alum dose was decreased from 
plant dosage, the DRP remaining would increase faster than the SS remaining (Figure 
4.4). In the actual experiments, this did occur (Figure 4.21) but the alum had to be 
reduced to 1.5 mg/L to achieve an acceptable SS for the BAF, and at this dosage, the 
DRP was removed 63%, meaning that in most cases, phosphoric acid would still be 
needed. However, given the difference between jar test and plant conditions, a higher 
alum dose would be needed (for SS removal), resulting in even less available DRP. 
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Figure 4.21: DRP and SS vs. Alum Dosage 
 
4.2.2.4 Effect of Varying Polymer Dosage 
Based on the previous experiments with varying alum dosage it was determined that an alum 
dosage of 1 mg/L would remove approximately 0.5 mg/L of DRP, decreasing DRP to an average 
of 0.7 mg/L in the primary effluent (range 0.3 to 1.4 mg/L). The plant is currently adding an 
additional 0.2 to 1 mg/L of DRP (depending on the time of year) and, therefore, if alum dosage 
was decreased to 1 mg/L very little additional phosphorus would be needed. However, 
suspended solids removal was not high enough with this alum dose and a polymer dose of 0.3 
mg/L.  
From Experiment 3 it was observed that there was no statistical difference in DRP with varying 
polymer dosage. It was also discovered that there was no statistical difference in SS with a 
change in polymer dosage, however, a downward trend was observed for the limited polymer 
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dosages tried. Therefore, in Experiments 13 to 15, a constant alum dosage was used in 
combination with varying polymer dosages in order to determine whether or not the polymer 
dosage actually has an effect on the SS removal and, if it would be possible to achieve an 
acceptable SS removal using an alum dosage of 1 mg/L.  
In Experiment 13, polymer dosages of 0, 0.1, 0.3, 0.5 and 1 mg/L were selected and in 
Experiments 14 and 15 polymer dosages of 0, 0.3, 0.5, 1 and 2 mg/L were selected. A control, a 
test with only 1 mg/L of polymer, and a test at plant dosages (5 mg/L alum and 0.3 mg/L 
polymer) were also included in each experiment. The results from these experiments are shown 
in Tables 4.19, 4.20 and 4.21. 
 
Table 4.19: Results for Experiment 13 (December 6
th
, 2012) 
Sample 
Alum 
Dosage 
(mg/L) 
Polymer 
Dosage 
(mg/L) pH 
DRP 
(mg/L)  SS (mg/L) 
Turbidity 
(NTU) 
Influent NA NA 7.3 1.9  89.3, 92.0 38.5 
1 0 0 7.3 1.8  49.3, 42.7 22.0 
1 (repeat) 0 0 7.3 1.7  37.3, 45.3 21.8 
2 0 1.0 7.2 1.8  38.7, 42.7 21.0 
2 (repeat) 0 1.0 7.3 1.7  44.0, 42.7 21.8 
3 1.0 0 7.1 1.3  30.7, 44.0 19.6 
3 (repeat) 1.0 0 7.1 1.2  42.7, 38.7 17.8 
4 1.0 0.1 7.1 1.2  40.0, 42.1 16.5 
4 (repeat) 1.0 0.1 7.1 1.2  36.0, 37.3 16.3 
5 1.0 0.3 7.1 1.1  41.3, 38.7 15.3 
5 (repeat) 1.0 0.3 7.1 1.3  30.7, 30.7 15.5 
6 1.0 0.5 7.1 1.2  30.7, 33.3 13.3 
6 (repeat) 1.0 0.5 7.1 1.2  33.3, 34.7 13.3 
7 1.0 1.0 7.1 1.2  26.7, 25.3 10.9 
7 (repeat) 1.0 1.0 7.1 1.2  20.0, 29.3 11.0 
8 5.0 0.3 6.7 <0.04 15.5, 14.0 3.4 
8 (repeat) 5.0 0.3 6.7 <0.04 14.0, 17.0 3.5 
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Table 4.20: Results for Experiment 14 (December 11
th
, 2012) 
Sample 
Alum 
Dosage 
(mg/L) 
Polymer 
Dosage 
(mg/L) 
pH 
DRP 
(mg/L) 
SS (mg/L) 
Turbidity 
(mg/L) 
Influent NA NA 7.2 2.0  124, 128  - 
1 0 0 7.2 2.0  60.0, 60.0 29.4 
1 (repeat) 0 0 7.2 2.0  52.0, 60.0 26.8 
2 0 1.0 7.2 2.1  62.0, 62.0 30.4 
2 (repeat) 0 1.0 7.2 2.0  53.3, 53.3 26.6 
3 1.0 0 7.1 1.4  68.0, 62.7 28.3 
3 (repeat) 1.0 0 7.1 1.4  52.0, 52.0 24.2 
4 1.0 0.3 7.1 1.4  32.0, 34.7 22.0 
4 (repeat) 1.0 0.3 7.0 1.4  41.3, 53.3 21.7 
5 1.0 0.5 7.1 1.4  46.7, 48.0 21.4 
5 (repeat) 1.0 0.5 7.1 1.5  36.0, 33.3 19.0 
6 1.0 1.0 7.1 1.4  32.0, 24.0 15.1 
6 (repeat) 1.0 1.0 7.0 1.5  36.0, 34.7 16.0 
7 1.0 2.0 7.1 1.4  34.7, 32.0 14.0 
7 (repeat) 1.0 2.0 7.1 1.5  28.0, 28.0 12.7 
8 5.0 0.3 6.7 <0.04 14.0, 14.0 4.7 
8 (repeat) 5.0 0.3 6.7 <0.04 13.5, 14.0 5.8 
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Table 4.21: Results for Experiment 15 (December 13
th
, 2012) 
Sample 
Alum 
Dosage 
(mg/L) 
Polymer 
Dosage 
(mg/L) 
pH 
DRP 
(mg/L) 
SS (mg/L) 
Turbidity 
(mg/L) 
Influent NA NA 7.4 1.8  144, 138 59.4 
1 0 0 7.4 1.8  72.0, 72.0 34.0 
1 (repeat) 0 0 7.4 1.8  64.0, 58.0 32.7 
2 0 1.0 7.4 1.8  64.0, 78.0 35.8 
2 (repeat) 0 1.0 7.4 1.8  72.0, 68.0 33.6 
3 1.0 0 7.3 1.3  58.0, 62.0 31.4 
3 (repeat) 1.0 0 7.3 1.3  60.0, 76.0 34.4 
4 1.0 0.3 7.3 1.3  42.0, 28.0 15.3 
4 (repeat) 1.0 0.3 7.4 1.2  38.7, 29.3 15.8 
5 1.0 0.5 7.3 1.3  44.0, 48.0 16.6 
5 (repeat) 1.0 0.5 7.3 1.3  32.0, 32.0 15.2 
6 1.0 1.0 7.3 1.3  42.0, 48.0 18.8 
6 (repeat) 1.0 1.0 7.3 1.3  34.7, 30.7 14.7 
7 1.0 2.0 7.3 1.3  46.7, 52.0 19.6 
7 (repeat) 1.0 2.0 7.3 1.3  32.0, 34.7 15.2 
8 5.0 0.3 7.1 <0.04 10.4, 12.0 2.6 
8 (repeat) 5.0 0.3 7.1 <0.04 12.0, 10.4 2.8 
 
 
Figure 4.22 shows the remaining DRP concentration with various polymer dosages (constant 
alum dosage of 1 mg/L). From these results it can be seen that the polymer dosage has no 
observable effect on the DRP concentration. Alum dosage was the only known variable effecting 
DRP concentration. All jar tests without any alum addition had very similar DRP concentrations 
to the influent. Also all jar tests with 1 mg/L of alum addition (and various polymer dosages) had 
very similar concentrations of remaining DRP. This was observed in all three tests.  
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Figure 4.22: Dissolved Reactive Phosphorus vs. Polymer Dosage 
 
Turbidity and SS concentrations were affected by both the alum and polymer dosages. Polymer 
or alum alone (1 mg/L in both cases) gave similar results as the case for settling alone in all three 
tests and therefore, alum and polymer need to be used in combination to be effective at these 
dosages. In Experiment 13 there was a gradual decrease in the remaining SS and turbidity with 
increasing polymer dosages. With 1 mg/L of alum and 1 mg/L polymer, the SS decreased to 
approximately 25 mg/L, however, using plant dosages (5 mg/L alum and 0.3mg/L polymer) the 
SS decreased to 15 mg/L. Therefore for Experiments 14 and 15, the jar tests using 0.1 mg/L of 
polymer were eliminated and replaced with a higher dosage of 2 mg/L. For Experiments 14 and 
15 there was initially a more rapid decrease in SS and turbidity remaining as polymer dose was 
increased (especially for Experiment 15), however this leveled off very quickly. Increasing the 
polymer dosage from 1 mg/L to 2 mg/L had very little (if any) effect on the SS concentration. 
For all three experiments, it was not possible to achieve the SS removal achieved using plant 
dosages, using 1 mg/L of alum with varying polymer dosages. 
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Figure 4.23: Suspended Solids vs. Polymer Dosage 
 
 
4.2.3 Tramfloc Cationic Polymers 
 
Cationic polymers were selected as an alternative to alum and anionic polymer since they have 
been shown to be quite effective at removing suspended solids in primary treatment and, unlike 
alum, the polymers do not directly react with phosphorus (primarily DRP) and cause its removal. 
Instead, cationic polymers only remove phosphorus associated with suspended solids, therefore, 
primarily removing suspended phosphorus, which makes up approximately 50% of incoming 
phosphorus, as opposed to DRP. Since the desired outcome is to keep the DRP high in the 
primary effluent, cationic polymers seemed to be an excellent candidate.  
4.2.3.1 Preliminary Experiments (Experiments 16 and 17) 
For the preliminary experiments with cationic polymers, turbidity measurements were used as an 
indicator for SS (this correlation can be seen in Appendix C). These tests were split into two 
experiments in order to test as many polymers as possible at four different dosages.  
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Table 4.22: Preliminary Experiments: Experiment 16 (Aug. 17, 2012) 
Series Dosage 
(mg/L) 
Floc Size Settling Rate Clarity Turbidity 
(NTU) 
Influent NA NA NA NA - 
Control 0 5 5 5 42 
Control 0 5 5 5 43 
Control 0 5 5 5 43 
133 2 6 5.5 6 40 
133 5 6 6.5 6 38 
133 10 6.5 6.5 6 38 
133 20 6.5 7 6.5 38 
302 2 6 6 6 38 
302 5 7 7 6 34 
302 10 8 8 7 30 
302 20 9 8 7.5 15 
342 2 5.5 6 6 39 
342 5 7 7 6 37 
342 10 8 7.5 6 35 
342 20 8.5 7.5 6.5 31 
552 10 5.5 5.5 6 25 
552 20 6 6 8 5.8 
552 30 6 6 8 3.9 
552 50 6 6 8 2.9 
552/302 10/5 7.5 8 6 18 
552/302 20/5 7.5 8.5 8.5 4.5 
 
 
From these results it can be seen that Polymers 133 and 342 were not very effective in the 
removal of turbidity. From Figure 4.24 it can be seen that Polymer 302 was much more effective. 
It was also observed that polymers in the 300 series (flocculants) produced much larger flocs 
than Polymer 552 (a coagulant) and as a result had much faster settling rates; however, the water 
still appeared hazy after treatment. It was observed that Polymer 552 resulted in very small flocs, 
however, the final effluent was much clearer than other cationic polymers (similar to that 
obtained in other experiments using alum and polymer at plant dosages). Therefore, 
combinations of polymer 552 and the most effective polymer in the 300 series (polymer 302) 
were tested. This resulted in the production of large floc as well as clear primary effluent.  
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Figure 4.24: Turbidity vs. Polymer Dosage for Part 1 of Preliminary Experiments 
 
 
In part two of the preliminary experiments, additional polymers from the 300 series were tested 
including Polymers 300, 310 and 321. Polymers 302 and 552 were also tested at two dosages in 
order to compare between the two experiments.   Polymer 552 was used in combination with the 
two most effective polymers in the 300 series. A jar test using alum and anionic polymer (at 
plant dosages) was also included to see if similar results could be achieved. Table 4.23 shows the 
results for this experiment including floc size, settling rate, clarity and turbidity.  
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Table 4.23: Preliminary Experiments: Experiment 17 (Aug. 24, 2012) 
Series Dosage Floc Size Settling Rate Clarity Turbidity 
Influent NA NA NA NA 71 
Control 0 5 5 5 27 
Control 0 5 5 5 29 
300 2 5.5 6 6 12 
300 5 6 7 7 6.6 
300 10 7 8 7.5 4.8 
300 20 9 5* 7.5 6.9 
310 2 6 5.5 5.5 16 
310 5 7 6 6.5 8.5 
310 10 8 7 8 5.8 
310 20 9 5* 8.5 4.1 
321 2 6 6 6 13 
321 5 6.5 6.5 7 7.2 
321 10 8 8 8 5.4 
321 20 9 5* 8 6.0 
302 5 6.5 5 7.5 6.5 
302 10 8.5 7.5 8 5.2 
552 10 5.5 6 6.5 7.5 
552 20 5.5 6 8 2.0 
552/302 10/5 8 8.5 8 3.9 
552/302 20/5 9 9 9 2.2 
552/310 10/5 7.5 8.5 8 4.2 
552/310 20/5 9 8 9 2.0 
Alum/ 
Anionic 
Polymer 
5/0.3 6 6.5 9 2.2 
*Large floc were formed, however, they did not settle (floated on top and stuck to sides) 
From these results it can be seen that most of the polymers in the 300 series had very similar 
results, however, this is harder to verify due to the low turbidity of the plant influent. Polymer 
302 resulted in the lowest turbidity values for the dosages in which it was used (5 and 10 mg/L). 
The remaining polymers in the 300 series had mixed results. At a dosage of 2 mg/L, 300 
performed the best; at 5 mg/L and 10 mg/L, 300 performed the best; and at 20 mg/L, 310 
performed the best, however, the range of final turbidity values was typically 1 to 3 NTU. This 
indicated that there was little difference between these polymers. This can be more clearly seen 
in Figure 4.25. For Polymers 300 and 321 there was a slight increase in turbidity when the 
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dosage was increased from 10 to 20 mg/L which could indicate that charge reversal occurred at 
these dosages. Polymer 302 and 310 were selected to be tested in combination with Polymer 552. 
When used in combination, at a dosage of 20 mg/L of 552 and 5 mg/L of either Polymer 302 or 
310, turbidity levels in the effluent were the same or even below levels achieved with alum and 
polymer at plant dosages.  
Another observation made was that the sludge blanket formed from a combination of 500 and 
300 series polymers was much thinner than the sludge blanket produced from alum and polymer, 
although similar turbidity values were achieved.  
Based on these results Polymers 552 and 302 were selected for further testing. 
 
 
Figure 4.25: Turbidity vs. Polymer Dosage for Part 2 of Preliminary Experiments 
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4.2.3.2 Central Composite Design 
For more in depth testing of Polymers 552 and 302 a central composite design was selected 
(which is shown in detail in Section 3.4.4). The ranges selected were 0 to 20 mg/L for Polymer 
552 and 0 to 20 mg/L for Polymer 302 (based on results from the preliminary experiments). This 
was repeated three times due to the variability of wastewater. A control and a jar test using alum 
and polymer at plant dosages were also included for all experiments. The values used in the 
graphs are the average SS values. The order of jar tests was randomized using Minitab. 
Experiment 18: 
The results for Experiment 18 are shown in Table 4.24 and are displayed in their randomized 
order. From these results it can be seen that the cationic polymers had very little, if any, effect on 
the DRP concentrations in the effluent. The values ranged from approximately 1.2 to 1.4 mg/L of 
DRP; moreover, these values were random (no visible relationship with dose). This range was 
most likely a result of uncertainty in measurement. 
Alum and polymer at plant dosages resulted in a SS concentration of approximately 16 mg/L. 
Higher removal rates were achieved in tests 4, 9 and 11 with various dosages of polymer 552 and 
302. Figure 4.26 shows how SS removal varied with different polymer dosages. The blue portion 
of the graph shows combinations of Polymer 552 and 302 that resulted in SS removal below 20 
mg/L SS, which were within a few mg/L of the SS removal achieved using plant dosages (or 
even higher SS removal than plant dosages). From this it can be seen that any dosage between 0 
and 10 mg/L for Polymer 302 would not be able to achieve very high removal rates by itself and 
therefore, would need to be used in combination with Polymer 552. At higher dosages of 
Polymer 552 it appears as though sufficient treatment would be possible with Polymer 552 alone.  
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Table 4.24: Experiment 18: Cationic Polymers (Sept. 27, 2012) 
 
[552] [302] pH [DRP] [SS] Turbidity 
Influent NA NA 7.0 1.3  330, 314 105,100 
Alum/Polymer 0 0 6.5 <0.04 15.5, 17.0 9.5 
Control 0 0 7.0 1.3  85.3, 86.7 94 
1 2.9 8.5 7.0 1.4  32.0, 32.8 28 
2 10 5 7.0 1.3  31.3, 30.7 21.1 
3 10 5 6.9 1.3  30.0, 27.3 20.3 
4 17.1 8.5 7.0 1.3  11.5, 13.5 7.9 
5 0 5 7.0 1.3  86.7, 93.3 93 
6 10 0 7.0 1.3  27.2, 28.0 20.1 
7 10 5 7.0 1.3  26.7, 26.4 19.6 
8 10 5 7.0 1.4  28.0, 32.0 21 
9 20 5 7.0 1.2  10.5, 11.0 7.2 
10 2.9 1.5 7.0 1.4  49.3, 49.3 42.9 
11 10 10 7.0 1.3  13.5, 12.5 9.7 
12 10 5 7.0 1.3  24.0, 26.4 19.8 
13 17.1 1.5 7.0 1.2  20.0, 19.3 12.7 
 
 
 
 
Figure 4.26: Suspended Solids vs. Alum and Polymer Dosage: Experiment 18 
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Experiment 19: 
The results for Experiment 19 are displayed in their randomized order in Table 4.25. In Figure 
4.27 the blue portion of the graph shows combinations that result in SS below 20 mg/L, however, 
the dark blue portion of the graph represents combinations resulting in SS close to or below 
levels achieved at plant dosages (below 10 mg/L SS). This is also the case in Figure 4.28. Based 
on the results collected from Experiment 19 it can be seen that with an increase in Polymer 552 
there was a visible decrease in remaining SS. There was also a much more visible decrease in SS 
with an increase in Polymer 302 than was seen in Experiment 18. However, higher dosages were 
required in this experiment to achieve similar results to alum and polymer at plant dosages. The 
lowest combination of polymers that would be required to achieve the same SS as alum/polymer, 
based on Figure 4.27, were 15 mg/L of Polymer 552 and 5-6 mg/L of Polymer 302. However, 
the lowest measured SS was achieved with 17 mg/L of Polymer 552 and 8.5 mg/L of Polymer 
302 (Table 4.25). There was no visible increase in DRP removal with an increase in polymer 
dosage.  
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Table 4.25: Experiment 19: Cationic Polymers (Oct. 9, 2012) 
 
[552] [302] pH [DRP] [SS] Turbidity 
Influent NA NA 6.9 1.2  105, 109 79 
Alum/Polymer 0 0 6.4 <0.04 6.5, 7.1 3.5 
Control 0 0 6.9 1.2  65.1, 58.1 45 
1 2.9 8.5 6.9 1.2  29.7, 30.5 20 
2 10 5 6.9 1.2  15.5, 16.4 9.5 
3 10 5 6.9 1.2  17.2, 18.1 11.0 
4 17.1 8.5 6.9 1.2  7.2, 7.1 4.0 
5 0 5 6.9 1.2  36.2, 37.4 25.4 
6 10 0 6.9 1.2  34.0, 34.1 24.9 
7 10 5 6.9 1.2  14.1, 16.6 9.0 
8 10 5 6.9 1.2  14.1, 13.1 9.8 
9 20 5 6.9 1.2  9.0, 9.3 4.7 
10 2.9 1.5 6.9 1.3  37.2, 36.9 26.5 
11 10 10 6.9 1.2  11.0, 11.2 8.0 
12 10 5 6.9 1.2  16.0, 17.1 8.1 
13 17.1 1.5 6.9 1.2  9.0, 8.8 4.9 
 
 
 
 
Figure 4.27: Suspended Solids vs. Alum and Polymer Dosage: Experiment 19 
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Experiment 20:  
The results for Experiment 20 are displayed in their randomized order in Table 4.26. In Figure 
4.28 it can be seen that SS removal increases significantly with an increase in both Polymer 552 
and 302, although (at these dosages) either polymer alone would not result in sufficient removal. 
The lowest combination of polymer dosages resulting in sufficient SS removal would total 
approximately 20 mg/L (for example a combination of 17 mg/L of Polymer 552 and 3 mg/L of 
Polymer 302 or 15 mg/L of Polymer 552 and 5 mg/L of Polymer 302), based on Figure 4.28. 
However, according to the actual data collected a combination of 17.1/1.5 mg/L of Polymers 552 
and 302 would be able to achieve acceptable SS levels. Polymer dosage did not have any 
significant effect on DRP concentration.  
 
Table 4.26: Experiment 20: Cationic Polymers (Jan. 25, 2013) 
 
[552] [302] pH [DRP] [SS] Turbidity 
Influent NA NA 7.2 1.5 114, 124 102 
Alum/Polymer 0 0 6.7 <0.04 4.0, 6.7 3.4 
Control 0 0 7.2 1.4  37.9, 45.0 23.1 
1 2.9 8.5 7.1 1.4  8.0, 11.3 7.3 
2 10 5 7.1 1.4  10.7, 8.7 8.0 
3 10 5 7.1 1.4  8.7, 10.7 9.5 
4 17.1 8.5 7.2 1.3  1.3, 1.3 1.2 
5 0 5 7.1 1.4  16.0, 18.0 11.3 
6 10 0 7.2 1.4  28.0, 28.7 18.4 
7 10 5 7.2 1.4  9.3, 12.0 7.5 
8 10 5 7.2 1.4  12.0, 10.7 8.9 
9 20 5 7.2 1.4  5.0, 5.0 4.0 
10 2.9 1.5 7.1 1.4  18.0, 18.0 13.2 
11 10 10 7.2 1.4  8.0, 9.0 7.4 
12 10 5 7.2 1.4  10.7, 11.3 8.2 
13 17.1 1.5 7.2 1.3  4.0, 4.7 3.3 
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Figure 4.28: Suspended Solids vs. Alum and Polymer Dosage: Experiment 20 
 
4.2.3.3 Summary of Experiments using Cationic Polymers: 
Although all three experiments resulted in somewhat different results, there are some similarities 
among all experiments, which include: 
1. Cationic polymers did not remove any significant portion of DRP 
2. With an increase in Polymer 552 there was a significant increase in removal of SS 
3. With an increase in Polymer 302 there was some increase in removal of SS (more 
apparent in Experiments 19 and 20) 
4. Polymer 302 dosages from 0-10 mg/L alone would not remove a suitable portion of SS 
5. In Experiments 16 and 17 Polymer 502 dosages from 0-20 mg/L alone did not result in 
suitable SS removal (in Experiment 18 a minimum of 13 mg/L of 552 was required to 
achieve suitable SS removal) 
6. With a combination of Polymer 552 and 302, similar results to alum and polymer at plant 
dosages were achieved in all three experiments 
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7. In all three experiments, a combination of 17.1 mg/L of Polymer 552 and 8.5 mg/L of 
Polymer 302 and a combination of 20 mg/L of Polymer 552 and 5 mg/L of Polymer 302 
resulted in SS concentrations lower than, or very close to, levels achieved at plant 
dosages 
8. Using Polymer 302 produced larger floc, presumably decreasing the thickness of the 
sludge blanket (lower sludge production) 
4.3 Cost Analysis 
Table 4.27 shows the cost of various chemicals in terms of cost per kg, cost per day (per 1 mg/L 
of treatment) and cost per million litres of treatment (at required dosages). The cost per day is 
based on an average daily flow rate of 218 MLD (1 MLD = 1000m
3
/day). The required dosage 
for each chemical is also included. Detailed information and calculations regarding cost of 
chemicals are included in Appendix B.  
Table 4.27: Cost of Chemicals 
 
Chemical 
 
Cost ($/kg) 
Cost ($/day 
per 1 mg/L 
treatment) 
Dosage 
Required 
(mg/L) 
Cost ($/ML at 
required 
dosage)* 
Alum (as 
aluminum) 
 
6.1 
 
1,330 
 
5 
 
30.5 
Anionic Polymer 3.17 691 0.3 0.95 
Phosphoric Acid 
(as phosphorus) 
 
5.0 
 
1,090 
 
0.5 
 
2.5 
Cationic Polymer 
552 
 
1.8 
 
392 
 
20/17.1 
 
36/31 
Cationic Polymer 
302 
 
4.0 
 
872 
 
5/8.5 
 
20/34 
*(Cost/day @ 1 mg/L) x (Dosage Required) / (218 MLD) 
 
If cationic polymers are selected for treatment then alum, anionic polymer and phosphoric acid 
would not be required. However, if alum and anionic polymer are selected then phosphoric acid 
would still be needed. The total cost of treatment for alum, anionic polymer and phosphoric acid 
is $34/ML. The total cost of these cationic polymers would be $56/ML if a combination of 20 
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mg/L polymer 552 and 5 mg/L polymer 302 were used, or $65/ML if a combination of 17.1 
mg/L polymer 552 and 8.5 mg/L polymer 302 were used. Based on these results it would not 
currently be economically feasible to switch from alum and anionic polymer to these cationic 
polymers, especially considering the additional installation costs required if cationic polymers 
were selected. Figure 4.29 shows cost versus polymer 552 and 302 dosages. This graph assumes 
that the cost per kg is the same regardless of the dosages (however these costs are based on 
prices of 15 mg/L of polymer 552 and 5 mg/L of polymer 302). From this graph it can be seen 
that there is no combination of dosages that results in a cost below $34/ML that would be able to 
reduce SS to a suitable level for the BAF. 
 
Figure 4.29: Cost versus Polymer 552 and 302 Dosages. The cost line of $34/ML is shown as a 
thick black line and the points for a combination of 17.1 mg/L of Polymer 552 and 8.5 mg/L of 
Polymer 302 as well as a combination of 20 mg/L of Polymer 552 and 5 mg/L of Polymer 302 
are shown as stars on the graph. 
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CHAPTER 5 
CONCLUSIONS AND RECOMMENDATIONS 
5.1 Conclusions  
The following conclusions can be made from this research: 
1. The majority of phosphorus entering the LRWRP is in the form of reactive phosphorus 
(66%). The reactive phosphorus is primarily made up of DRP (68% of reactive 
phosphorus and 45% of total phosphorus). DRP is also the form of phosphorus that is 
primarily being removed at approximately 100% under plant conditions.  
2. The concentration of DRP coming into the plant is typically between 1 to 2 mg/L, which 
is enough to eliminate the need for the phosphorus supplement (if the influent phosphorus 
could be passed through primary treatment). 
3. Anionic polymer does not have any significant effect on the removal of DRP. 
4. DRP removal is significantly affected by the alum dosage. All DRP is typically removed 
at an alum dosage between 2 and 3 mg/L. At an alum dosage of 1 mg/L, approximately 
0.5 mg/L of DRP is removed, resulting in a DRP concentration between 0.5 and 1.5 mg/L 
in the primary effluent (eliminating the need for a phosphorus supplement).  
5. Suspended solids removal is effected by the alum dosage. With an increase in alum there 
is an increase in SS removal, however, there does not seem to be much of a difference in 
removal between 0 and 1.5 mg/L alum (approximately 65% removal in this range with a 
polymer dosage of 0.3 mg/L). SS removal increases significantly when the dosage is 
increased to 2 to 5 mg/L.  
6. Suspended solids removal is also effected by anionic polymer dosage. When an alum 
dosage of 1 mg/L is used the SS decreases with increasing polymer dosage between 0 and 
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1 mg/L. There is no significant difference in SS removal when the dosage is increased 
further (up to 2 mg/L).  
7. When an alum dosage of 1 mg/L is used (to allow sufficient DRP to pass through) in 
combination with 0.3 mg/L of anionic polymer, SS removal is not high enough to meet 
the loading requirements for the BAF. When the polymer dosage is increased and alum 
dosage remains at 1 mg/L, sufficient SS removal is still not attainable. The SS levels after 
treatment with 1 mg/L were still much higher than levels achieved using plant dosages 
and an increase in polymer after 1 mg/L did not increase removal of SS any further. 
8. Altering the dosages of alum and polymer does not allow for both sufficient removal of 
SS as well as significant DRP remaining in the primary effluent (to eliminate need for 
phosphorus supplement). 
9. Cationic polymers from Tramfloc (specifically polymers 552 and 302) did not seem to 
have any significant effect on DRP removal. 
10. Various combinations of Tramfloc polymers 552 and 302 would be able to meet SS 
loading requirements for the BAF (such as a combination of 17.1 mg/L polymer 552 and 
8.5 mg/L polymer 302 as well as a combination of 20 mg/L polymer 552 and 5 mg/L 
polymer 302). 
11. Although cationic polymers would be able to keep DRP in the primary effluent as well as 
remove SS to a suitable level for the BAF, the calculated cost would be too high 
considering the current value of chemicals. The current cost using alum, anionic polymer 
and phosphoric acid is approximately $34/ML, however, the cost of using Tramfloc 
cationic polymers would be over $50/ML. 
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5.2 Recommendations 
Although there was no optimal solution found throughout this research, further jar testing is 
recommended in order to determine a lower cost option for treatment. Some specific options that 
should be further studied include: 
1. Although DRP cannot be passed through solely by adjusting the alum and polymer 
dosages, the alum and polymer dosages could still be adjusted in order to save money by 
decreasing the alum dosage and increasing the anionic polymer dosage, due to the high 
cost of alum. In this case, alum dosages between 2 and 4 mg/L and anionic polymer 
dosages between 0.5 and 2 mg/L would be recommended.  
2. A combination of 1 mg/L of alum and cationic polymers could be tested. This would 
allow a large portion of the DRP to pass through while significantly decreasing the 
amount of cationic polymer that would be needed.  
3. Different cationic polymers could be tested in order to see if sufficient SS removal can be 
achieved at a lower cost.  
4. A speciation of phosphorus in the plant backwash could be conducted. The total 
phosphorus concentration in the backwash averages between 5 and 12 mg/L. If there is a 
high concentration of DRP in the backwash it may be worth considering having a 
separate primary treatment for the backwash (such as a filter) which would not remove 
any DRP.  
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APPENDIX A. Calibration Curves, Detection Limits and Uncertainty 
 
Table A.1 shows the data used for calibration of all three phosphorus measurements. Method 1 is 
the measurement of RP using the stannous chloride method; Method 2 is the measurement of RP 
and acid-hydrolyzable phosphates using an acid digestion and the stannous chloride method; and 
Method 3 measures TP using a persulfate digestion followed by the stannous chloride method. 
Table A.1: Phosphorus Calibration Data 
Conc. 
Absorbance 
Method 1 
Absorbance 
Adjusted 
Method 1 
Absorbance 
Method 2 
Absorbance 
Adjusted 
Method 2 
Absorbance 
Method 3 
Absorbance 
Adjusted 
Method 3 
Blank 0.0635 0 0.0766 0 0.0735 0 
0.1 0.1396 0.0761 0.166 0.0894 0.1461 0.0726 
0.3 0.3282 0.2647 0.342 0.2654 0.3351 0.2616 
0.5 0.4781 0.4146 0.5394 0.4628 0.4907 0.4172 
0.8 0.7095 0.646 0.7813 0.7047 0.7355 0.662 
1 0.8455 0.782 0.8909 0.8143 0.8552 0.7817 
1.3 1.0497 0.9862 1.0973 1.0207 1.0415 0.968 
1.7 1.2733 1.2098 1.3627 1.2861 1.3253 1.2518 
2 1.5233 1.4598 1.5554 1.4788 1.551 1.4775 
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Table A.2: Data for the Determination of Detection Limits (Phosphorus) 
Concentration  
(mg/L) Absorbance 
Absorbance Adjusted  
(Absorbance – Blank) 
Measured Concentration  
(mg/L) 
Blank 0.0312 0 -0.0708 
0.1 0.143 0.112 0.0873 
0.1 0.138 0.107 0.0808 
0.1 0.140 0.109 0.0832 
0.1 0.144 0.112 0.0882 
0.1 0.137 0.106 0.0790 
0.1 0.150 0.119 0.0975 
0.1 0.161 0.130 0.112 
 
 
Table A.3: Detection Limits (Phosphorus) 
Mean (mg/L) 0.0898 
Standard Deviation (s) (mg/L) 0.0117 
t-value (99%) [df=7-1=6] 3.14 
MDL (method detection limit) = t-value × s (mg/L) 0.04 
LOQ (limit of quantitation) = 2.5 × MDL (mg/L) 0.09 
PQL (practical quantitation limit) = 5× MDL (mg/L) 0.18 
 
 
Table A.4: Uncertainty Data (Phosphorus) 
Concentration  
(mg/L) Absorbance Absorbance Adjusted 
Measured  
Concentration (mg/L) 
Blank 0.0512 0.02 -0.0425 
2 1.53 1.50 2.06 
2 1.49 1.45 1.99 
2 1.59 1.56 2.14 
2 1.57 1.53 2.10 
2 1.53 1.50 2.05 
 
 
Table A.5: Uncertainty (Phosphorus) 
Mean (mg/L) 2.07 
Standard Deviation (s) (mg/L) 0.0576 
Uncertainty = s × 2 
 (95% confidence, assumed normal) (mg/L) 0.1 
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Suspended Solids Error Calculation: 
 
Suspended Solids Calculation: 
 
[SS] = suspended solids concentration (mg/L) 
mi = initial mass of filter (g) 
mf = final mass of filter (g) 
V = volume (mL) 
 
[  ]   
     
 
           
 
Error in Mass: 
 
Maximum uncertainty in each mass measurement = 0.00005 g = 0.05 mg 
 
Uncertainty in numerator = 0.05 + 0.05 mg = 0.1 mg 
 
Lowest difference in weight = 0.0010 g = 1.0 mg 
 
Relative uncertainty = 0.1 mg/1.0 mg *100 = 10% 
 
Error in Volume: 
 
Maximum uncertainty in each volume measurement = 0.5 mL 
 
The measurement resulting in the highest uncertainty was: 
 
Volume = 25 mL 
 
Relative uncertainty (25 mL) = 0.5 mL/25 mL*100 = 2 % 
 
Error in Suspended Solids: 
 
Uncertainty in concentration = relative uncertainty mass + relative uncertainty volume 
 
Uncertainty in concentration = 10% + 2% = 12% 
 
Based on these calculations the error for the worst case scenario for suspended solids is ± 12% 
(not including human error). 
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APPENDIX B. Cost Information  
 
B.1 Cost of Chemicals 
 
The information regarding the cost of the various chemicals used in this study are shown in the table 
below. The references are also included.  
Table B.1: Cost of Chemicals 
Chemical Details Cost Reference 
Aluminum Sulfate  
 
Solution is 48.5% 
Al2(SO4)3
.
14H2O 
$267.00/metric tonne 
(wet weight) 
Paul Drca (City of 
Windsor) 
Phosphoric Acid Solution is 75% 
H3PO4 
$1.14/kg (wet weight) Paul Drca (City of 
Windsor) 
Anionic Polymer  $3.17 /kg (dry weight) Paul Drca (City of 
Windsor) 
Tramfloc Polymer 
552 
Price is based on a 
dosage of 15mg/L 
$0.80USD/lb Christy Capek 
(Tramfloc, Inc.) 
Tramfloc Polymer 
302 
Price is based on a 
dosage of 5mg/L 
$1.80USD/lb Christy Capek 
(Tramfloc, Inc.) 
 
B.2 Cost Calculations: Aluminium Sulphate 
Cost = $267.00/metric tonne (wet weight) = $267.00/1000kg(wet weight) = $0.267/kg (wet 
weight) 
Solution: 48.5% Al2(SO4)3.14H2O = 4.4% Al 
Cost of Aluminum/kg = $0.267/kg (wet weight) 
              
           
 = $6.1/kg Al 
Treatment of 1 mg/L (cost per day): 
Q =Average daily flow = 218 MLD 
Cost = Dosage  Unit Cost  Q = 1 mg/L   $6.1/kg   218 MLD = $1,330/day 
B.3 Cost Calculations: Anionic Polymer 
Cost of Polymer/kg = $3.17/kg 
Treatment of 1 mg/L (cost per day): 
Q =Average daily flow = 218 MLD  
Cost = Dosage  Unit Cost  Q = 1 mg/L   $3.17/kg   218 MLD = $691/day 
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B.4 Cost Calculations: Phosphoric Acid 
Cost of Solution = $1.14 / kg  
Solution: 75% phosphoric acid (H3PO4) = 23% P 
Cost of phosphorus = $1.14/kg (wet weight)  
              
         
 = $5.0/kg 
Treatment of 1 mg/L (cost per day): 
Q =Average daily flow = 218 MLD  
Cost = Dosage  Unit Cost  Q = 1 mg/L   $5.0/kg   218 MLD = $1,090/day 
B.5 Cost Calculations: Cationic Polymer 552 
Cost = $0.80/# = $1.78/kg 
Treatment of 1 mg/L (cost per day): 
Q =Average daily flow = 218 MLD  
Cost = Dosage  Unit Cost  Q = 1 mg/L   $1.78/kg   218 MLD = $392/day 
B.6 Cost Calculations: Cationic Polymer 302 
Cost = $1.80/# = $4.0/kg 
Treatment of 1 mg/L (cost per day): 
Q =Average daily flow = 218 MLD  
Cost = Dosage  Unit Cost  Q = 1 mg/L   $4.0/kg   218 MLD = $872/day 
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APPENDIX C. Turbidity vs. Suspended Solids 
Approximately eighty measurements of SS and turbidity were used in order to determine 
whether a correlation could be found between these. All data are plotted in Figure C.1 and the 
correlation was strong (R
2
 =0.85). However, it appears that after a SS concentration of 150-200 
mg/L the turbidity levels off. Therefore, any points above 200 were removed (2 points) in Figure 
C.2. In this case a much higher correlation was found (R
2
 = 0.95) and, therefore, it was 
concluded that there is a strong correlation from 0 to 120-140 mg/L of SS, however, at higher 
concentrations this relationship no longer applies.  
 
Figure C.1: Turbidity vs. Suspended Solids 1 
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Figure C.2: Turbidity vs. Suspended Solids 2 
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APPENDIX D. Plant Data and Lab Data from Days Experiments were Conducted 
Table D.1 shows the plant data for the days that experiments were conducted, including pH, 
temperature, TP, and SS in the primary influent and effluent. Table D.2 shows data collected in 
the lab on the same days, although these are grab samples as opposed to composite samples. The 
Final SS is based on treatment with 5 mg/L of alum and 0.3 mg/L of polymer. 
 
Table D.1: Primary Treatment Plant Data for Days Experiments Were Conducted 
Date 
Influent 
pH 
Influent 
Temperature  
(
o
C) 
Influent TP 
(mg/L) 
Influent SS 
(mg/L) 
Effluent SS 
(mg/L) 
Preliminary Tests with Alum and Polymer 
Feb 3, 2012 6.8 12.7 2.6 276 34 
Mar 5, 2012 6.8 11.9 2.9 138 39 
Mar 6, 2012 6.7 12.1 3.3 188 46 
Varying Dosages of Alum  
Mar 21, 2012 6.8 14.7 12.5 636 42 
Mar 30, 2012 7.0 12.5 1.2 94 32 
May 11, 2012 7.0 16.2 2.9 200 122 
May 31, 2012 6.9 17.5 2.2 240 42 
June 20, 2012 6.9 21.6 4.3 256 56 
July 4, 2012 6.8 21.3 2.0 154 14 
July 19, 2012 6.9 22.7 4.1 220 4.0 
Aug 2, 2012 6.8 24.0 4.0 236 78 
Varying Dosages of Polymer 
Dec. 6, 2012 7.1 15.4 4.1 172 51 
Dec. 11, 2012 7.1 18.4 4.7 214 74 
Dec. 13, 2012 6.7 18.4 4.0 178 52 
Cationic Polymers 
Aug. 17, 2012 7.1 22.5 1.9 262 47 
Aug. 24, 2012 6.9 23.2 4.3 148 66 
Sept. 27, 2012 9.3 21.6 4.2 160 61 
Oct. 9, 2012 7.2 20.3 5.1 190 47 
Jan. 25, 2013 7.4 13.0 3.4 124 78 
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Table D.2: Lab Data for Days Experiments Were Conducted 
Date 
Initial 
pH 
Initial 
Temperature  
(
o
C) Initial SS (mg/L) Final SS (mg/L) 
Preliminary Tests with Alum and Polymer 
Feb 3, 2012 7.1 13.6 - - 
Mar 5, 2012 6.9 14.7 - - 
Mar 6, 2012 7.1 13.8 149 - 
Varying Dosages of Alum  
Mar 21, 2012 7.3 18.5 138 20.8 
Mar 30, 2012 7.2 15.4 236 12.0 
May 11, 2012 7.0 18.2 121 9.0 
May 31, 2012 7.4 18.9 191 17.2 
June 20, 2012 7.2 21.3 132 9.0 
July 4, 2012 7.1 21.1 134 4.7 
July 19, 2012 7.0 23.0 109 5.8 
Aug 2, 2012 7.2 23.8 125 19.6 
Varying Dosages of Polymer 
Dec. 6, 2012 7.3 17.4 90.6 15.1 
Dec. 11, 2012 7.2 17.7 126 13.9 
Dec. 13, 2012 7.4 17.8 141 11.2 
Cationic Polymers 
Aug. 17, 2012 7.1 23.1 - - 
Aug. 24, 2012 7.2 23.5 - - 
Sept. 27, 2012 7.0 21.1 322 22.4 
Oct. 9, 2012 6.9 20.6 107 12.7 
Jan. 25, 2013 7.2 15.7 119 7.7 
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APPENDIX E. Suspended Solids Removal at the Plant vs. SS Removal in the Lab 
Table E.1 shows the SS concentration in the influent and the effluent as well as SS removal (at 
the plant and in the lab (jar tests)). The samples analyzed at the plant are 24 hour composite 
samples and the samples analyzed in the lab are grab samples. 
 
Table E.1: SS in the Plant Primary Treatment vs. SS in the Lab Jar Test 
Date 
Plant: SS  
Influent 
(mg/L) 
Plant: SS  
Effluent 
(mg/L) 
Lab: SS  
Initial 
(mg/L) 
Lab: SS  
Final* 
(mg/L) 
Plant: SS 
removal 
(%) 
Lab: SS 
removal 
(%) 
Mar. 21, 2012 636 42 139 20.8 93 85 
Mar. 30, 2012 94 32 236 12 66 95 
May 31, 2012 240 42 192 17 83 91 
June 20, 2012 256 56 132 9.0 78 93 
July 4, 2012 154 14 134 4.7 91 96 
July, 19, 2012 220 4 109 5.9 98 95 
Aug. 2, 2012 236 78 125 20 67 84 
Dec. 6, 2012 172 51 90 15 70 83 
Dec. 11, 2012 214 74 126 13.9 65 89 
Dec. 13, 2012 178 52 141 11.3 71 92 
Sept. 27, 2012 160 61 322 16.3 62 95 
Oct. 9, 2012 190 47 107 6.8 75 94 
Jan. 25, 2013 124 78 119 5.2 37 96 
    
Average 74 91 
    
Standard 
Deviation 16.0 4.6 
*After treatment with 5.0 mg/L alum and 0.3 mg/L anionic polymer 
Figure E.1 shows the SS concentration in the plant influent vs. the percent removed in treatment 
for both plant data and lab data (from days experiments were conducted). From these results it 
appears that there is no correlation between influent SS concentration and the percent removed in 
primary treatment (very low r
2
 values of 0.25 and 0.11).  
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Figure E.1: Influent Suspended Solids Concentration vs. Percent Removed in Treatment  
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APPENDIX F: Calculation of G-Values 
The method of determining G-values was based on equations and calculations shown in 
Chapman and Fiessinger (1998). 
Nomenclature:   
T = temperature  
G = mean velocity gradient 
P = power transformed from the stirrer to suspension 
V = volume of the stirred beaker  
µ = dynamic viscosity 
vp = paddle velocity 
v = water velocity 
(vp – v) = relative velocity 
vtip = tip velocity 
CD = drag coefficient 
Ap = projected area of the blade normal to the rotation direction 
  = density of water 
N = rpm 
r = blade radius 
Equations: 
G = √
 
   
 
P =                    
       = vtip      
drag force =               
     
vtip =     
 101 
 
Therefore, G = [                  
         ]
 
  
Calculations: 
CD rpm=100 = 0.7 (CD rpm=75 = 0.91; CD rpm=40 = 1.16; CDrpm=35 = 1.20) 
Ap =                             
             
N = 100 rpm = 10.5 rad/s (N = 75 rpm = 7.9 rad/s; N = 40 rpm = 4.2 rad/s; N = 35 rpm = 3.7 
rad/s) 
r = 0.0381 m 
V = 2 L = 0.002 m
3
 
       
  
   
 
G = [                                                               
     
  
   
 ]
 
  
Grpm=100 = 55.3 s
-1
 (Grpm=75 = 41.1 s
-1
; Grpm=40 = 18 s
-1
; Grpm=35= 15 s
-1
) 
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